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Here we report on the growth by molecular beam epitaxy of twin-free CdTe(111)B
and HgCdTe(111)B epitaxial layers.

HgCdTe(1 11)B twin-free layers exhibit very different structural and electrical
,oroperties than twinned layers.

HgCdTe(211)B layers grown under the stringent growth control required for twin-
free growth in (111)B exhibit outstanding properties.

Twin-free CdTe(111)B have been grown on slightly misoriented GaAs(100) substrate.
FWHM of 60 arcsec have been obtained.

CdTe(111)B, CdTe(100) and HgCdTe(111)B have been successfully grown on Si(100)
substrates.

Composition uniformity of 0.7% has been achieved on a 2-Inch diameter Hgl_xCdxTe
(x = 0.22) grown by MBE on a GaAs(100) substrate.

The crystallographic orientation has been found to have an influence in the
sticking coefficient of mercury and on the intrinsic, as well as, the extrinsic
doping.

The incorporation of indium which has been found to be an excellent donor
incorporates very differently in (111)B and (100) orientation.

A low energy ion technique has been developed in the Microphysics Laboratory in
order to fabricate p-n junction. This technique which has been found to be
inexpensive, fast and reliable provides infrared diodes with similar performances
than ion implanted diodes.

HgTe-CdTe valence band discontinuity has shown no temperature dependence from
300K and 50K when investigated by XPS and UPS. Most of the results including
magneto-optics data are now consistent with a large value of 0.35eV.

Stimulated emission from Hg-based layers and heterostructures has been observed
in the 2-31Jm range. The threshold input optical power for the lasing action is
lower than in equivalent III-V compounds laser heterostructures.

Preliminary results obtained In the new multiwafer machine are very promising.
CdTe epilayers grown either on GaAs(100) or Si(100) are more uniform and of
much better quality than layers grown under the same conditions in a conventional
MBE machine.
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The goals to be reached during this contract period were:

1. The growth and characterization of high quality HgCdTe with good lateral

uniformity on large area CdTe, CdZnTe and GaAs substrate.

2. The understanding and the control of the doping in HgCdTe alloys by stoich-

iometry adjustment and/or by active impurities.

3. The growth and characterization of homojunctions and heterojunctions made

in situ.

4. Photodiode device processing.

5. Surface and interface studies.

6. 1st add-on on the current contract. Design and installation of a multiwafer

prototype MBE machine called OPUS 45

7. Preliminary experiments on the OPUS 45 (This work was supposed to be

supported by a second add-on which has never been awarded to the Microphysics

Laboratory)
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I INTRODUCTION

The research program on the growth by Molecular Beam Epitaxy of Hg-based

alloys and heterostructures carried out in the Microphysics Laboratory at the

University of Illinois at Chicago and supported by this contract has been extremely

successful. Tremendous progress has been achieved towards the Improvement of

HgCdTe and related heterostructures in terms of structural, electrical and optical

properties. A very important step has been passed through in the control of the

twinning process during the growth in the (111)B orientation. Furthermore, it has

been clearly established for the first time that twins or related dislocations are
-acting as acceptors in HgCdTea are detrimental for diode performance, what

was suspected but never proved until our conclusive experiments.
In 1988 it appears very clearly that microstructural defects present in HgCdTe

layers grown in the (111)B orientation have an adverse effect on diode performance

and have a determining influence on structural and electrical properties as well as
on the intrinsic and extrinsic doping of HgCdTe.

The decision taken, after such a conclusion, was to overcome the twinniig

problem in the (111)8 orientation and not to turn the problem by growing in a

different crystallographic orientation. It will be explained In part I1-1 why facing
the twinning problem in (111)B was so important. In 1988 and 1989 understanding

and solving the twinning problem in CdTe grown either on CdTe, GaAs and recently

on Si and, above all, in HgCdTe has been one of the driving forces in the Microphysics

Laboratory.
It is important to point out that most of the layers or heterostructures which

have been tested during this contract period are (111)B twinned structures and

therefore are not representative of the state-of-the-art of the Microphysics

Laboratory at the end of the contract period i.e. November 1989. This should be

kept in mind while reading this report.
The last year especially has been extremely rich In terms of achievements

since in addition to the understanding and control of the twinnihglthe direct

growth of CdTe and HgCdTe on Si(100) has been obtained, the stimulated emission

In HgCdTe single layer and double heterostructures .has. been observed for the

first time in MBE grown HggdTe an the role of the crystallographic orientation

on the intrinsic and extrinsic doping using Indium has been discovered. In addition,

a new approach using low energy ion has been taken In order to fabricate photodiodes.
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This approach is Inexpensive, fast and reliable. High performance photodlodes have

already been fabricated. These results attest to the high quality of HgCdTe

epilayers grown by MBE and also give us a strong confidence in our photodiode

technology.

In July 1989 a new MBE machine, OPUS 45, which is a prototype MBE equipment

for mass-production has been installed in the Microphysics Laboratory. This Gallium-

free multiwafer machine which has the capability of handling a 5-inch diameter

substrate or any other combination should be fully tested during the next contract

period. Our future goal is to demonstrate, with the help of this machine, that high

quality HgCdTe suitable for high performance photodiodes and FPAs can be grown

on large area substrates by MBE at a lower price than by LPE or by OMCVD.

The machine has been tested and acceptance tests have been performed. In

addition, CdTe epilayers have been grown on 2-inch GaAs(100) and Si(100) substrates.

Electron and X-ray diffraction both indicate that the structural quality of these

epilayers is higher than the one observed for CdTe epilayers grown in the 2300

RIBER machine. This last part of the work was supposed to be supported by a

second add-on to the current contract (the first add-on has been awarded to pay

for OPUS 45) but the money was never received by the Microphysics Laboratory.

This research activity has been materialized by 59 papers published in refereed

journals, 13 invited conferences and 62 contributed papers mostly pres, ,ted at

international meetings.
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II GROWTH OF Hgl-xCdxTe ON CdTe(111)B BY MBE

I1-1 TWIN FORMATION

In terms of growth achievement about 700 epilayers of HgCdTe have been grown

during this contract. Half of them have been grown on CdTe and CdZnTe substrate

and the rest primarily on GaAs substrates. One of the major problems encountered

in the growth of HgCdTe when a vapor phase technique such as MBE is used is

the formation of twins. From the current work of different laboratories involved

in the fabrication of IR photodiodes it appears that the presence of twins is

highly deleterious for photodiode performances. Actually it Is thought that what

is detrimental to diode is the existence of dislocations associated with the twins.

An Etch Pit Density (EPD) count of lxl0 6cm 2 or less is considered to be necessary

to achieve good photodiodes. The (111)B orientation is particularly vulnerable to

the twin formation but the other orientations such as (211)B and (311)B are also

sensible to twinning. In addition, we think that hillock formation observed during

the growth in the (100) orientation, which is highly detrimental to MIS structure,

is also twin related, Therefore, identifying and solving the twinning problem was

one of our major concern during the current contract.

The (111)B orientation despite its easiness to form twins is a very Important

orientation because the mercury consumption is lower than in the (100) orientation,(1 )

surfaces and interfaces usually are very smooth in the (111)B plane, CdTe and

CdZnTe substrates are obtained in high yield in this orientation and it is so far

the most favorable orientation to grow on GaAs(100) subz ;rates.

Detailed investigations involving electron microscopy, cathodoluminescence (CL)

chemical etching, x-ray diffraction as well as electron channeling pattern (ECP)

have. revealed the presence of twins in CdTe and HgCdTe epilayers grown In the

(111)B orientation.

In zinc-blende structure the twinning illustrated In Fig. 1 is very often

observed. It is a "rotation" type of twin corresponding to a 1800 rotation about

the [111] normal direction. The stacking of (111) plane in the fcc structure

changes from abc type I configuration to acb type II configuration. The two

stackings are equivalent, the changes require very low formation energy since

Cd(Hg) - Te bonds are preserved. This change can therefore occur several times

during the growth. This kind of twinning Is sometimes called lamellar twinning.
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During the first step of epitaxial growth, islands can be formed which wil! grow

and coalesce to form the epitaxial film. These islands may be of type I or type

II configuration since they are energetically almost equivalent (Fig. 2). Therefore,

twin boundaries will exist after island coalescence and twin domains will grow in

a columnar form. This kind of twinning which is also of a rotation type is

sometimes called double positioning twinning.

These two kinds of rotation twins can coexist in the crystal but one or both

can disappear during the growth. It is difficult to observe rotation twins during

the MBE growth by electron diffraction because the streaked (2D) patterns of

type I and type II configuration are identical to twin-free streaked patterns and

sometimes roughening of the surface, which allows 3D diffraction, is not large

enough. The twinned domains present in the crystal are visible on the surface of

the crystal under scanning electron microscopy or cathodoluminescence investigations

on the form of close loops as illustrated in Fig. 3 for a CdTe layer.

Electron channeling pattern can also help in the discovery of twins Fig. 4a,b

shown two simulated ECP of a twin-free and a twinned crystal. The (113) plane

family has a 3-fold symmetry illustrated in a form of a regular triangle in a twin-

free configuration whereas in a twinned configuration a second inverted triangle is

revealed. Fig. 4c shows the ECP pattern of a twinned CdTe layer similar to the

one illustrated in Fig. 4b

These two kinds of twinning can occur in both CdTe and HgCdTe. In HgCdTe

however due to the high mercury flux used during the growth we think that a

third kind of twinning illustrated in Fig. 5 can occur. This reflection type twin

is formed by a mirror reflection with respect to the (111) twin plane. This

produces a change in the polarity of the face by creating an anti-phase boundary.

As shown in Fig. 5 Hg-Hg bonds which usually require high formation energy

occur at the plane of the reflection twin when the Hg flux is to high. This

twinning does not occur across the entire area of the wafer therefore the growing

surface exhibits (111)B and (111)A orientation simultaneously. The growth rate of

(111)B and (111)A faces being different(1 ) a surface roughning allowing the observation

of extra dots in the RHEED pattern Is associated with this kind of twinning.

During the growth of HgCdTe in the (111)B orientation the presence of extra

dots due to twinning are observed when the Hg flux Is too high for a selected

substrate temperature. A decrease in the Hg flux or an increase in the substrate

temperature produce rapidly a change in the RHEED pattern, extra dots are



7

disappearing and the spotty pattern is transformed into a streaky one. This is

expected since a (111)A face is a Hg terminated unstable face requiring a high Hg

flux. A new antiphase boundary with Te-Te bond Is created reversing the (111 )A

to a (111)B face.

Fig. 6 is a TEM picture of a HgCdTe (111)B layer grown on a CdTe(111)B/Ga-

As(100) substrate. It can be seen that the CdTe layer grown on GaAs is full of

lamellar twins. At the Initiation of HgCdTe growth twins were visible on the RHEED

pattern. The growth conditions were kept the same for a while and then the

substrate temperature was increased by 50C. Almost instantaneously the RHEED

changes for a twin free related electron diffraction pattern. The TEM micrograph

confirms our in situ observation since a twin is visible in the HgCdTe layer and

the position where the twin has disappeared corresponds very precisely to the

thange in the substrate temperature and the RHEED pattern. High resolution

transmission electron microscopy (HRTEM) has not been able to confirm yet the
"reflection" nature of the twin since it is extremely difficult to reveal fine details

of atomic structure. However, It is highly probable that this kind of twinning

occurs when the Hg flux is too high.

REFERENCES:

S. Sivananthan, X. Chu, J. Reno and J.P. Faurie, J. Appl. Phys. 60, 1359 (1986)

FIGURE CAPTIONS:

Fig. 1 Lamellar or stacking fault twin formed by a 1800 rotation about the

[1111 direction

Fig. 2 Double positioning twin formed by a 1800 rotation about the [111] direction

Fig. 3 Cathodoluminescence image of a twinned CdTe(111)B epilayer

Fig. 4 Electron channeling pattern simulation of a CdTe crystal along the

(111) axis (a) twin free crystal; (b) twinned crystal; (c) ECP pattern

of a twinned CdTecrystal

Fig. 5 Reflection twin formed by a mirror reflection with respect to the

(111) plane

Fig. 6 Transmission electron microscopy of a HgCdTe(111)B/GaAs(1OO) substrate.

Only CdTe epilayer exhibiting numerous lamellar twins and HgCdTe epilayer

are visible.
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11-2 CdTe(111)B TWIN-FREE EPILAYERS

11-2-1 CdTe(l11)B/CdTe( 11)B

The growth conditions for the homoepitaxial MBE growth of CdTe onto CdTe(111)B

have been investigated thoroughly. The details are given in the attached paper.

Surface cleaning and growth parameters have been thoroughly investigated in

order to prevent the twinning. Concerning CdTe, "reflection" type twin is very

unlikely to occur when using a single effusion source which deliver a highly constant

Cd/Te flux ratio. Therefore in CdTe case only the formation of the two kinds of

"rotation" type twins has to be prevented. Double positioning twin which starts

at the substrate epilayer interface seems to be substrate surface preparation

related. Regarding lamellar twins, which form during the growth we have not yet

precisely Identified which parameter is triggering their formation. Concerning

CdTe (111)B homoepitaxlal growth, it has been found that twinning does not occur

when the growth temperature is around 3350C but also if a pre-cleaning at 3350

of the CdTe substrate has been done prior to a growth at 2500C.

ATTACHED PAPER:

1. "Study of CdTe(111)B epilayers grown by Molecular Beam Epitaxy"



Study of CdTe(1 11)0 epilayers grown by molecular-beam epitaxy
G. Monfroy, S. Sivananthan, and J. P. Faurie
Deparomnt of Physics, Uneity offtlinot at Chicago, Chicago Illinois 60680

J. L Reno
Sandia NanonalLaboratorine Albuquerque. New Mexico 87185

(Received 11 October 1988; accepted 2 November 1988)

The growth of high-quality Hg, -,Cd1Te( 111 )B epitaxial layers involves the growth of a
CdTe( 111 )B buffer layer, whether the growth is performed onto related or foreign substrates.
CdTe( 111 )B layers have been investigated using the x-ray double-crystal rocking curve and the
cathodoluminescence imaging techniques. The optimization of the growth conditions for
CdTe(III)B layers is presented for a high-quality homoepitaxy. The heteroepitaxy of
CdTe( Ill )B on GaAs( 100) substrates is then discussed, in the case of GaAs substrates oriented
(100), misoriented by 2" towards [1101, and misoriented by 5* towards [I I 11. The results
indicate that a 2" misorientation leads to CdTe(333) peaks with full width at half-maximum up to
four times narrower then either of the other orientations tested. Furthermore, only threading
dislocations were visible on this orientation by cathodoluminescence imaging.

I. INTRODUCTION the quality and the morphology of the epitaxial layers. Three
The growth by molecular-beam epitaxy (MBE) of substrate orientations were used in this study:
CdTe( 111 )B buffer layer is very important for the growth of GaAs( 100) ± 0.25, 2" off towards [ 1101, and 5 off towards
high-quality Hg, _. Cd2 Te (MCT) epilayers. Whether the [ 111 IA. X-ray DCRC and CL results along with tilt mea-
MCTr is grown on related substrates [i.e., CdTe( 111)I or surements between the substrate and the epilayers are re-
foreign substrates [i.e., GaAs(100)], there is need for a ported in this paper.
CdTe( I ll) buffer layer to minimize the defect density in the
active MCT. Therefore, the quality of this buffer layer II. EXPERIMENTAL DETAILS
should be such that it does not limit the performances of the The layers grown on CdTe( Ill )B substrates have been
active HgCdTe. fabricated in the Microphysics Laboratory at the University

Recently, Oron et aL. I studied the homoepitaxy of CdTe of Illinois at Chicago using a Riber 2300 MBE machine with
grown by metalorganic chemical vapor deposition. report- a single CdTe effusion cell. All the substrates were from Gal-
ing x-ray double-crystal rocking curves (DCRC's) peaks tech Semiconductors, Inc. and were etched in a bromine-
with full width at half-maximum (FWHM) between 400 methanol solution before being loaded in the ultrahigh vacu-
and 800 arc s. The growth of CdTe( 11 )B by MBE leads to um chamber. They were then in situ thermally cleaned by
different results, and, in particular, to narrower FWHM. In annealing at 300 "C for 5 min prior to CdTe growth. The
this paper, the influence of the growth conditions on the substrate temperature was varied from 200 to 335 °C and the
quality of the CdTe( 111 )B buffer layer will be presented. growth rates from 0.5 to 4.2 k/s. Most of the layer thick-
together with cathodoluminescence (CL) imaging results nesses were kept -3,um. whichcorrespcndstoenough mat-
indicating that the presence of twins is very likely to be re- ter to observe a well-shaped diffraction peak for the epila er
sponsible for our observations. and still allows for the substrate reflection to be diffracted

In spite of the significant improvements in the quality of through with enough intensity.
the CdTe substrates in the last few years, they are still not as The layers grown on GaAs substrates were fabricated at
good as GaAs substrates. Also, these latter are available with Sandia National Laboratories. The substrates were cleaned
large surface area and are cheaper than CdTe substrates. For using the standard procedure of etching in H.SO,
these reasons, the growth of CdTe on GaAs has been widely HO.,:HO (5:1:1) and HCI. All three orientations %%ere
studied. Recently, the possibility of growing highly uniform mounted on the same molybdenum block and loaded into
HgCdTe layers on a full 2-in. GaAs wafer has also been ultrahigh vacuum. The samples were then heated to a0) C
demonstrated. 2 Several types of buffer layers have been in- to remove the oxide and then cooled to 300 "C before the
vestigated. among which graded Cd, -, Zn,Te alloys,3 for growth of CdTe. Typically, two growth rates were used I
example. However. segregation problems have been encoun- and 2 A/s. The CdTe layer thicknesses were also vaned fro'm
tered in the growth of such alloys by MBE.' inducing struc- 2.5 to 15.5)um to determine the effect of these parameterN on
tural defects in the buffer layer itself. CdTe( I I )B is an- the layer quality.
other candidate as a buffer layer. Up until recently, no X-ray double-crystal rocking curves of the CdTe .3 1
attempts had been reported on the growth of CdTe( I I )B and GaAs(400) reflections were recorded using a cnpper
on misoriented GaAs( 100) substrates.' It has been demon- anode (wavel.-ngth: 1.540,A) andSi(331) and Ge( 1001 rel.
strated for the growth of GaAs and AIGaAs on GaAs' and erence crystals, respectively. In order to check the homo-
GaAs on Si' that misorienting the substrate could improve geneity of the samples, several points were measured on each

326 J. Vac. Sol. TecihnoL A 7 (2). Mw/Apr IM 0734-2101/89/02032645301.00 3 1M Ameiiewb Vacuum Society 329



327 Mefroy Wait: Study of cT0e(111) ep"yers 327

sample using a broad incident beam (4 mm2 ). The average the average angular spacing between peaks and its standard
FWHM and their corresponding standard deviations were deviation.
calculated. Inspection of the FWHM of the peaks attributed to the

"Full rotation" double-crystal rocking curve analysis& epilayer indicates a narrowing of the reflection when the sub-
was performed on the same diffractometer from Blake In- strate temperature is increased from 200 to 335 *C. In addi-
dustries, Inc. The Si(331) reference crystal was used for tion, the angular spacing between peaks is also decreased
samples grown on CdTe substrates and Ge(100) for the when the growth temperature is raised.
samples grown on GaAs. This technique consists in follow- Another important observation concerns the width of the
ing the evolution of the angular spacing between the sub- peak attributed to the substrate. The substrates have been
strate and the epilayer reflections while rotating the sample carefully investigated prior to growth, in order to compare
about its normal and keeping the x-ray beam position fixed the width of the reflection before and after growth. Before
(Fig. 1). growth, a typical FWHM for the substrates was between 20

The cathodoluminescence images were acquired in a and 25 arc s. There is, indeed, a broadening of this reflection.
JEOL JXA 840 scanning electron microscope. using a I S-kV The magnitude of this broadening decreases when the
incident beam emitted from a tungsten filament and a probe growth temperature is increased.
current of _ 10- 7 A. The working distance was set at 15 Several causes which could be responsible for these obser-
mm. The CL signal was detected by a photomultiplier fitted vations have been investigated. A possible tilt between the
with an infrared filter. The detection range is from 700 to substrate and the epilayer (I 1) planes was investigated by
1200 nm. full rotation DCRC analysis. The results indicate that. with-

in the accuracy of our measurements ( < 50 arc s), there is
I1. RESULTS AND DISCUSSION no tilt.

A. Growth on CdTe(111)B substrates The fact that the two peaks are brought closer together
when the substrate temperature is increased suggests a possi-

Due to its closeness in lattice parameter (<0.3% mis- ble stoichiometry deviation problem in the substrate and/or
match), CdTe is an obvious choice for substrate material to the epilayer. As a matter of fact, an increase in T, brings the
grow HgCdTe. To initiate the MCT growth. a thin CdTe growth conditions of the MBE layer closer to that of the bulk
buffer layer is grown, using a single CdTe effusion cell. CdTe. The angular spacing corresponds to a mismatch of
Though such a homoepitaxy should be straightforward, i - 0.15 % which seems large. However, variations in the lat-
veryt important to optimize the growth conditions, as will be ice parameters of CdTe grown from melt solutions have
discussed in the course of this paper. Indeed. x-ray double- been reported in the literature indicating mismatches of the
crystal diffraction patterns exhibit two peaks, a sharp one same order: 6.480 A for a Cd-rich to 6.488 A for a Te-rich
attributed to the substrate and a second peak. much broader, melt.' To test this assumption. CdTe MBE layers have been
shifted towards higher d spacings, attributed to the epilayer grown under an excess Te flux and an excess Cd flux pro-
reflection (Fig. 2). The evolution of the spectrum has been vided by the adjunction of extra cells of pure Te and pure Cd.
studied as a function of the growth parameters. Table I lists The excess Cd induces a broadening of the reflection along
the characteristics of the samples which have been studied with a decrease in the angular spacing between peaks. The
by x-ray diffraction. The average FWHM and their corre- excess Te leaves the angular spacing nearly unchanged, but
sponding standard deviations calculated for each sample narrows the reflection widths. In view of these observations.
and for both peaks. are also reported in Table I. along with it seems unlikely that the stoichiometry deviation is respon-

sible for the noncoherent growth of CdTe( Ill) B.
The fact that the excess Te flux narrows the reflection

widths is important and is currently under insestigation. It
Reflected can be seen from Table I that the excess Te leads to an im-

Incident X-ray provement of the structural quality of the laers tor a ei'en
X-ray 6 0 temperature. The layer quality obtained at 2.0 °C ith an

1 ' / .excess Te is equivalent to that of samples grown at 300 'C
Br a using a CdTe effusion cell only. It has been demonstratsd' t

ondnragg that the growth on CdTe( I I1)B faces at 300 'C ander Te
a . for flux led to an increase in the growth rate from O. 5 " m., h ( no

substrate excess Te) to 0.64 ym/h (excess Te). Such a groih rate
corresponds to what has been observed for a 4r.,%th at

U,' .: ,, Bragg 200 C using a single CdTe effusion cell. It is also rrxrtcd

condition that when the growth is performed on a (ll 'T: :',,e. :t is
for film controlled by the Te. If the growth rate Increase% under an

excess Te flux. it indicates that. with a single CdTe cdil only.

- eSpecimen the growth is carried out under active atomic Te-deicient
conditions. For these reasons, we believe that it is ,ery tim-

FiG. I. Full rotation double-crystal rocking curve analysts. Schematic dia- portant to investigate the growth of CdTe( I I I ) B under ex-
gram of Brag reflection from film and suostrate. cess Te flux. Th.s could lead to an improvement in the crvs-

J. Vac. Sel. Teehnol. A, Vol. 7, No. 2, Mar/Apr 1909
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Substrata

CdT* (333)

AG 50 arCsec Fto. 2. CdTe(lI O)Repdayer grown on
CdTe(1l) B substrate CdTe(333) re-

Epilaer D@fg&3jg 0 fection using Cu K, ( = 1.540 A) and
Epilyer ecresingSi(331 ) as a reference crystal. Part of

------ the CdTe grows coherently with the sub-
strate while the twinned orientation
gives nse to a second peak.

talline quality and a lowering of the growth temperature. pretation is corroborated by three important results. First.
However. the possible occurrence of Te inclusions will then CL images exhibit a collection of dark closed loops [ Fig.
have to be considered. 3 (a)]I surrounding microdomains. whose size and density

There have been several reports in the literature about the . decrease when the substrate temperature is raised. These mi-
twinning occurring in the crystals having a zinc-blende crodomains. which are currently under invesigain r s
structure. and. in particular. in the GdTe system." One of sumed to be microtwins. The second important result is the
the consequences of twinning on an x-ray diffraction spec- fact that, on sample 62A whose CdTe thickness is 5 ,sm. two
trum is a broadening of the reflection together with a slight peaks are still 8Mservable. In addition, the peak in position of
shift of its angular position.' In view of these results, our the substrate is still more intense than the peak in position of
observations could be interpreted as follows. The Mde crys- the epilayer. This confirms the fact that two orientations are
tal is growing pantially coherently with the substrate, which growing. It also indicates that the twinned crystal is shifly
accounts for the broadening of the peak attributed to the misoriented with respect to the matrix in order to give rise to
substrate. The second peak. which is broader and shifted.
would be the reflection from the twinned orientation. If the
growth conditions are not optimized, both the matrix and
the twinned orientations coexist in the samples. This inter-

T.%BLE 1. Characteristics of CdTe(l 111)8 samples arown on CdTetI It 1)
subsirates. T ; the tubstrate temperature: Gi. R., the arowth rate:
FWHM:SD. the averaste full wioth at half-maximum 01 the reflection and
its standard cie~iation: delta O:SD. the angular spacing between the !sub-
trate and the epilaver peaks and its standard deviation.

FWHiM:SD ()

Sample r, G.R. i r )Delta d:SD(a
,o C) (A s (MiEia e ubstrate arc st)

49 -100 1.5 3.8 .47,1 ; 6 S 92 12

44 250 0.5 3.0 210 25 2-.34 15
46 2150 0.9 2.2 144 23 41 6 22240
62A 250 1.3 5.0 237 7 57 12 318 13
50 250 1.7 4.4 352 16 53 o Z32 26V
43 250 1.8 2.9 263 25 36 3 196 8
45 250 3.3 3.2 318 25 54 1 Z37 42 ..-

48 250 4.2 3.0 :05 13 33 2 322 10

51 00 1.1 2.9 169 7 .. .. 182 3

52 335 1.4 7.5 49 1 .'.
53 335 3.0 7.5 116 23....................Fit;, 3. T~ptcal cathodoluminescence imagtes: a) ci r. I~

GaAs lOO f %imilar pictures %%ere observed for c.,rt- R* T
60A + Te .250 1.4 21.5 155 4 25 3 225 8 MdetlIlhIBl and ibi CdTc(lIIB on GaAs( 100)tif or2 s~r,
63A +i-Cd 250 1.4 < 5.0 very broad..................similar images were observed for CdTe tin GaAsi 1001 if
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a second diffraction peak in the DCRC spectrum. Finally, deviations indicate that the samples may not be as homoge-
the third important result comes from the x-ray diffraction neous as those grown on oriented GaAs(100) substrates,
and CL observations made on samples grown at 335 *C. CL FWHM's a factor of 1.5 to 4 times narrower demonstrate the
images of these samples exhibit very few microdomains, and higher crystalline quality of the layers grown on substrates
of very small sizes. In addition, single peaks were recorded misoriented by 2". Large variations in the FWHM averages
with FWHM as low as 40 arc s. Furthermore, layer 52 was and large standard deviations observed on CdTe( 333) re-
etched step by step and the DCRC spectra exhibited a single flections from layers grown on substrates misoriented by 5"
diffraction peak all the way down to the substrate. attest to the difficulties in growing crystal with a consistent

From inspection of Table I, it seems that the FWHM of quality on this orientation. It can also be seen from Table II
both reflections decrease when the growth rate increases, that the growth rate appears to have no significant influence
However, the growth rate seems to have no influence on the on the FWHM. The effect of the thickness has also almost no
angular spacing between the two peaks. influence. Only slightly narrower reflections were recorded

For these reasons, we believe that the optimization of the for film thicknesses > 2.5/tm.
growth conditions are very important for the homoepitaxy It is worth noting that the underlying GaAs substrates
of CdTe(I I I)B layers, in particular, the substrate tempera- have also been characterized after growth. All substrates ap-
ture. If the substrate temperature is too low, twins are initiat- peared to have a high, homogeneous quality and therefore
ed which propagate throughout the crystal, limiting its crys- are not responsible for the variations observed in the FWHM
talline quality. As a consequence, these results are also very of the CdTe reflections.
important in order to limit the twinning during the growth of Two types of cathodoluminescence images are observed.
HgCdTe( I 1 YB. On oriented substrates, the images consist of a collection of

dark closed loops as has been observed for CdTe ( I I I)B on
B. Growth on GaAs substrates CdTe( I 11 )B substrates. We believe that, as for the case of

Because of the large mismatch between GaAs and the homoepitaxy of CdTe( I I)B, these loops are twins,

HgCdTe ( - 14.6%), it is necessary to first grow a buffer since the presence of twins in such systems has already been
layer on the GaAs. reported. 3 On both of the misoriented substrates. CL im-

CdTe buffer layers have been grown simultaneously on ages exhibit dark dots and short line segments (Fig. 3). This
three GaAs substrate orientations: GaAs( 100), GaAs( 100) indicates the presence of threading dislocations. The impor-
off 2" towards [1101, and GaAs off 5" towards [I II]A. tance of this result resides in the fact that threading disloca-

These layers have been investigated by double-crystal x-ray tions can be blocked by the insertion of an appropriate super-

diffraction. Table II lists the characteristics of the studied lattice. It has already been reported"4 that a HgZnTe-CdTe
layers along with their FWHM and standard deviations. superlattice could block the dislocations which propagate

DCRC recorded on the CdTe(333) reflections exhibit from a GaAs substrate. The density of dislocations was then

consistently lower FWHM on substrates misoriented by 2' reduced by a factor of 10 to 100.
than on the other tested orientations. Though the standard Dislocation densities have been calculated using the mod-

el of Gay et aL":

TABLE I1. Characteristics of the CdTe( I I I)B samples grown on the three N o = (F 2 -f 2)/(9b 2)

orientation for GaAs. t is the thickness of the CdTe layer, G. R.. the growth
rate: FWHM:SD. the average full width at half-maximum of the where Eis the FWHM, in radians, of the cr stal under inves-
CdTe( 333) reflection and its standard deviation: ND, the density ofdisloca- tigationfis the FWHM. in radians, of the monochromator
tions calculated using Ref. 14. crystal. and b is the magnitude of the Burgers vector. For the

I G. R. FWHM:SD .V x 1o' Si(331) reflection which was used.fwas <S arc s. Since the
Sample Misonentation (um) (A/s) (arc s) (cm -) direction of the Burgers vector is not known, the smallest

Burgers vector possible in a face-centered-cubic crystal is
17A 0' 2.5 1 252 6 8 chosen. i.e.. b = a/2" 2.6 Therefore. the dislocation densi-
17B r 2.5 I 158 18 3 ties presented in Table 1I are upper limits.
7C 5' 2.5 1 285 33 to On the substrates misoriented by 2". all the .V are in the
5A 0' 5.0 1 219 4 6
58 2 5.0 1 los to 10' cm - range. This means that reduction of .V, b.v a factor
5C 5' 5.0 1 165 1s 3 10 to 1000 brings the density of dislocations in the IW cm-

18A (' 2.5 2 266 49 9 range, corresponding to a quality suitable for device applica-
18B 2 2.5 2 135 10 2 tions.
18C 5' 2.5 2 262 ... 9
SA 0 5.0 2 269 14 9 For these reasons, the growth of CdTe can be greatly in-
8B 2" 5.0 2 82 6 1 proved by using substrates misoriented by 2' It is worth
8C 5' 5.0 2 t68 28 4 noting that these results were corroborated by photolnmi-

10A 0* 7.5 2 334 14 14 nescence microscopy.5

101 2' 7.5 2 84 20 1 Further investigations are currently being carried out on
IOC 5' 7.5 2 ... ... ...

7A 01 15.5 2 356 11 16 CdTe( 11 )B grown on this orientation. In particular. full
7B r" 15.5 2 9 20 I rotation DCRC analysis indicates that part of the large mis-
7C 5" 13.5 2 67 7 I match betweer CdTe and GaAs is released by a tilt of

-0.75" between the epilayer and the substrate planes.

J. Vac. Sel. Teehno. A. Vol. . No. 2. Mar/Aar 1289
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IV. CONCLUSION was Supported by SDIO/1ST and monitored by NRL
We have demonstrated that the optimization of the N00014-86K-2023 and by DARPA and monitored by

growth conditions are very important for the homoepitaxy AFOSR No. 4962M-7-C-002 1. The work at Sandia was sup-
of CdTe( Il I)B. if the substrate temperature is too low, ported by the U.S. Department of Energy under Contract
twins are initiated that develop throughout the entire layer. No. DE-ACO4-76DP00789.
This leads to the observation of two diffracted peaks: a nar-
row one which is matched with the substrate peak and a
broad peak which corresponds to the twinned orientation. A M. Orn A. Ramtn H. Shrckman, and G. Cinader. Appi. Phys. Lett.
substrate temperature of 335 'C, and a growth rate of - 1.5 52, 1059 (3988).
A/s gave a layer with a FWHM < 50 arc s, showing the 2M. D. Lange, S. Sivananthan. X. Chu. and J. P. Faurie. Appi. Phys. Lett.
optimization of the growth conditions, as well as the prep- S2.978 (1938).
aration of the substrate before growth. A. Million. L. Di Cioccao, J. P. Gaillard. and J. Piaguet. J. Vac. Sci. Tech-

The dvatags o grwingCd~~ll)B aye on nol. A C. 2313 (1983).The dvatage ofgroing d~e 11 )B aye on 'R. D. Feldman, R. F. Austin, P. H. Fuosa. A. H. Dayem. E. H. Wester-
GaAs( 100) misoriented by 2* have also been demonstrated wick et a., J. Vac. Sci. Technol. 85.690 (1987).
for two important reasons. The first one is the fact that the 'J. L. Reno, P. L. Gourley, G. Monfroy. and J1. P. Faunte. Appi. Phys. Lett.

L FWHM are narrower on this orientation. The second is the 53.13747 (1988).
presence of threading dislocations which can be blocked by 'R. K. Tsui. J A. Curless, G. D. Kramer. M. S. Peffley. and D. L. Rode. J.
the insertion of an appropriate superlattice. Appl. Phys. 58. 2570 (1935).

P. L. Gourley, M. Longerbone. S. L. Zhan g, and H. Morkoc. A ppi. Ph ys.Transmission electron microscopy experiments are cur- Lett. 51, 599 (1987).
rently being carried out to confirm the fact that the niicrodo- 'R. %I. Park. J. Kleinmnan. and H. Mar. SPIE 796. 86 (1987).
mains observed on CL images are microtwins. Further ex- 'K. Zanio. in Semiconductors and Semimetals (Academic. New York.
.periments will include x-ray precession investigations to 1978). Vol. 13. p. 54.

evidence ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~I iftetinn a opeeyaoddo o y 'Sivananthan, X. Chu.iJ. Reno. and 3. P. Faurie. J. Appi. Phys. 60.,1359evidnceif he tinnng as ompltel avidedor ot y (986).optimizing the growth conditions. "For example. C. Ghezzi and C. Paorici. 1. Cryst. Growth 20. 58 t 1074).
B8. E. Warren, X-ray Diffraction (Addison-Wesley. Reading. MA. 1969),
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preparing the samples. The work at the University of Illinois 1964). Chap. 4. p. 90.
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11-2-2 CdTe/GaAs(100)

It has been previously reported that the growth of CdTe onto GaAs(100) can

occur in two different orientations i.e. (100) or (111) depending on the substrate

thermal treatment. It is believed that (100)//(100) is achieved over an As rich

GaAs(100) surface whereas (111)B//(100) is observed on a Ga rich GaAs(100). In

the (100)//(100) case a 14.5% lattice mismatch is experienced In all crystallographic

directions whereas in the (111)//(100) case there Is only 0.7% mismatch between

<211>CdTe axis and <011>GaAs axis (14.5% mismatch still exists between <110>CdTe

axis and <110>GaAs axis). It appeared that (111)//(100) is the most favorable

case.

Therefore the problem of twinning had to be investigated. This was done in

the MPLab and in collaboration with J. Reno, a former student who is currently a

scientist at Sandia National Laboratory. By growing on GaAs(100) misoriented

substrates both an Improvement In CdTe crystal quality and the elimination of the

twinning have been observed as illustrated in Fig.1. During this Investigation

twin-free CdTe(111)B epitaxial layers exhibiting a FWHM of about 1 arc min have

been grown on GaAs 20off(100) towards [110] and 50off(100) towards [111]Ga (see

Fig. 2).

These layers display the best characteristics ever reported for CdTe epilayers

grown on GaAs. Even though they are still not as good as CdTe bulk crystal

they are already suitable as an alternate substrate for the growth of HgCdTe.

Three years ago it was difficult to find commercially available CdTe substrates

with a uniform FWHM better than 60 arc sec with no multiple peak in the x-ray

diffraction pattern. HgCdTe epilayers grown on CdTe(111)/GaAs(100) alternate

substrate have electrical properties as good as those obtained on CdTe or CdZnTe

substrates as reported In the attached paper #2.

The details of the experiments as well as the results are given in the attached

publication #1.

FIGURE CAPTIONS:

Fig. 1 Electron channeling pattern of a twin-free CdTe(lll)B layers grown

on GaAs(100) 20 off towards <110>

Fig. 2 X-ray double crystal rocking curve of a 7.5pm CdTe(i11)B grown on

GaAs(100) 20 off towards <110>
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ATTACHED PAPERS:

1. "Effects of substrate misorientatlon on the structural properties of CdTe(1 11)
grown by MBE on GaAs(100)"

2. "New achievements In Hg1....CdxTe grown by molecular beam epitaxy"



Fig. 1

Electron channelling pattern obtained

on a 2.3um thick CdTe layer

on GaAs(100) 2° off towards <110>.
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Effects of substrate misorientation on the structural properties
of CdTe(1 11) grown by molecular beam epitaxy on GaAs(100)

J. L. Reno and P. L. Gourley
Sandia National Laboratory. Albuquerque, New Mexico 87185

G. Monfroy and J. P. Faurie
Department of Physic, University of Illinois at Chicago. Chicago Illinois 60680

(Received 1 July 1988; accepted for publication 29 August 1988)

CdTe ( 111) layers were grown by molecular beam epitaxy on oriented and misoriented
GaAs (100) substrates. The layers were characterized by x-ray diffraction and
photoluminescence microscopy. The results indicate that the CdTe layers grown on
GaAs (100) misoriented 2 towards the [ 110] direction had peaks with full width at half-
maximum up to four times narrower than either of the other orientations tested. Only
threading dislocations were visible on this orientation by photoluminescence microscopy.
These results indicate that the structural quality of CdTe grown on GaAs can be significantly
improved by the use of an appropriately misoriented substrate.

The growth of high quality epitaxial layers of and a Si 331) reference crystal. In order to check the homo-
Hg, - Cd, Te is limited by the substrate quality. Due to its geneity of the samples, several points were measured using a
closeness in lattice parameter, CdTe is one of the obvious broad incident beam (4 mm2 ). The averge full widths at
choices for substrate material. In spite of significant im- half-maximum (FWHM) and their corresponding standard
provements in CdTe substrates in the last few years, they are deviations were calculated. The results are presented in Ta-
still not as good as GaAs substrates. Also CdTe is consider- ble I, along with the substrate orientation, thickness, and the
ably more expensive than GaAs and not available with as growth rate of each of the investigated samples.
large a surface area. It has recently been demonstrated that it The CdTe grown on GaAs (100) substrates misonent-
is possible to grow HgCdTe with excellent uniformity on a ed by 2 towards the [ 1101 direction exhibited consistently
full 2 in. GaAs wafer.' Because of the large lattice mismatch lower FWHM than the other orientations. Inspection of the
between GaAs and HgCdTe ( - 14.6%), it is necessary to standard deviations indicated that these samples may not be
first grow a CdTe buffer layer on the GaAs substrate. The quite as homogeneous as those grown on GaAs substrates
quality of the active HgCdTe is then limited by the quality of cut as close as possible to the (100) orientation. However.
the CdTe buffer layer. Thus it is of great importance to im- FWHM 1.5 to 4 times larger were recorded on the onented
prove the quality of CdTe grown on GaAs. samples. thus demonstrating their poorer crystalline quality.

It has been demonstrated for the growth of GaAs and DCRC's measured on CdTe grown on GaAs (100) sub-
AIGaAs on GaAs that misorienting the substrate can im- strates misoriented by 5 towards the [ 111 ]A direction attest
prove the quality and morphology of the epitaxial layers.2  to the difficulties in growing samples of consistent crystal-
Improvement has also been observed for the mismatched line quality of this type of substrate. Large vanations in the
growth of GaAs on Si. In order to test this effect on II-VI average FWHM as well as large standard deviatons and
semiconductors, we have grown CdTe( 111) on oriented and sometimes asymmetric peaks were observed.
misoriented GaAs( 100) substrates. Three orientations were Also fromTable I it can be seen that the growth rate
used. The orientations included (100) ± 0.2?r, 2 off (100) appears to have no significant influence on the FWHNI. It
towards [110, and 5 off (100) towards [IllI]Ga. These does appear that there is a slight improvement inthe FWHM
orientations were chosen due to their common use in the for thicknesses greater than 2.5 pm.
growth of GaAs and AIGaAs on GaAs and of GaAs on Si. It is worth noting that the underlying GaAs substrates

The GaAs substrates were cleaned using the standard have also been characterized after growth by x-ray juffrac-
procedures of etching in H2SO4:H 20 2:H20 (5:1: 1) and HCI. tion, with the exception of the substrates having a 15 5-Om-
All three orientations were then mounted on the same mo- thick CdTe overlayer. The (400) reflection of a Ge crystal
lybdenum block and loaded into the growth chamber. The was used as a reference. FWHM recorded from the GaAs
samples were then heated to 600 "C to remove the oxide and substrates, at the approximate same location as for the CiTe
cooled to 300 "C before growth of the CdTe was begun. This scans, indicated the high quality as well as the homogeneity
preparation led to the growth of CdTe in the ( I l) orienta- of the substrates. Therefore, the quality of the GaAs sub-
tion.4 Growth rates of I and 2 A/s were used. The total strates was not responsible for the variations observed in the
thickness was also varied so that theeffect of growth rate and FWHM of the CdTe diffraction peaks.
total thickness could be determined, in addition to the effect Dislocation densities No were evaluated using the mod-
of the orientation. After growth the samples were removed el developed by Gay et al.S'6:
from the growth chamber and characterized by x-ray dif- ND = (F2 -f 2 )/9b2 ,
fraction and photoluminescence microscopy.

X-ray double crystal rocking curves (DCRC's) of the where Fis the FWHM, in radians, of the crystal under inves-
CdTe (333) reflection were recorded using a copper anode tigation, f is the FWHM, in radians, of the monochromstor

1747 Api. Phys. Left. 53 (18), 31 October 1988 0003-6951/88/441747-0301.00 () 1988 Anmorcam Intltt of Physm ,'17



T6,BLE i. Growth characteristics of CdTe (I 11) samples grown on GaAs (100) substrates along their average FWHM measured on the CdTe i 333)
reflections using the Cu K., ( = 1.540 562 A) radiation and a Si (331) reference crystal. The GaAs substrates are either oriented (100). misoriented Z'
towards the [1101 direction, or misonented 5" towards the [ I I I JA direction..o is the dislocation density calculated from the model of Gay et al.

Thickness Growth rate (FWHM) -- o .%",.. 10
Sample Misorientation (,am) (A/s) (arcsecond) (Cm:

17A 0 2.5 1 252i-6 8
17B 2" 2.5 1 158 - 18 3
17C 5" 2.5 I 285 - 33 IM
5A 0' 5.0 1 2194-4 b

5B 2" 5.0 1 108 - 10 1
5C 5" 5.0 165 - 18
18A 0°  2.5 266-49
18B 2" 2.5 135 - I0
[8C 5' 2.5 2 262
8A 0°  5.0 269- 14
SB 2°  5.0 82 - o I
4C 5" 5.0 18 - 28 4
10A 0" 7.5 334- 14 14
lOB 275 4 -20
IOC 5" 7 5
7A 0" 15.5 356-- IlI
B 2" 15.5 q9 - 20

7C 5" 15.5 07 -

crystal, and b is the magnitude of the Burgers vector. For the side the loops. The loops were located about 40 pm apart.
Si (331) reflection which was used.f was equal to 8 arcse- We believe that the dark loops are due to nonradiatie re-
conds. Since the direction of the Burgers vector was not combination at boundaries of microcrystallites and that the
known. the smallest Burgers vector possible in a face-cen- microcrystallites are probably twins of the main material.
tered cubic crystal was chosen. i.e.. b = a/%2.7 Therefore. Investigations to identify these structures are in progress.
the densities of dislocations presented in Table I are an upper The effect of the thickness of the layer could also be ,een
limit. The calculated values are in the 107/cm- range. As by this technique. The thinnest layers (2.5 pm thick) exhib-
expected from the FWHM. they are not significantly in-
fluenced by either the epilayer thickness or the growth rate.

For the photoluminescence microscopy (PLM). the
sample was photoexcited at room temperature with - 1(l1) CdTe on GaAs
W/cm of 7525 A laser light. This light penetrates the sam-
ple to a depth of approximately 0.5 ym. The resulting near-
band-gap CdTe luminescence at 8200 A was imaged onto a SUBSTRATE
CCD TV camera with - o000' magnification. Compared to ORIENTATION
the near-band-gap luminescence of the CdTe. the scattered
laser light was reduced by two order of magnitude with a
long pass filter (7800 A cutoff). It has been previously dem- (100)
onstrated that this technique is able to image dislocations
which serve as nonradiative recombination sites for the pho-
toexcited electron-hole pairs.'' These defects thus appear as
dark areas on the PLM micrograph. The PLM technique is
useful for simultaneously assessing the dislocation content
and the photoluminescence intensity. Photoluminescence
from all samples was sufficiently intense so that the PLM
micrographs could be recorded at room temperature. off

On both of the misoriented substrates. PLM micro- 2 f
graphs exhibited dark dots and short line segments (see Fig. (100)

I ). This indicates the presence of threading dislocations. A
lower limit on the dislocation density was about IO7/cm:.
This is in good agreement with the upper limit on the dislo-
cation density calculated from the x-ray data. The Cdre
grown on the oriented GaAs exhibited strikingly different 10 Pm
PLM images. They consisted of a collection of dark closed FIG. 1. PhotoluminescencemicrographsofCdTe 1l) groan M Vcllel
loops with diameters of 20-40 ym (see Fig. I). Within the GaAs( 100) and misortented r towards the I I 10J. The mlcr,'r ir~ n ̂  ere
loops the photoluminescence intensity was the same as out- taken at room temperature using 7523 A laser light.
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ited the highest dislocation density and the lowest photolu, samples and A. E. McDonald in obtaining the PLM micro-
minescence intensity. This indicates a lower quality of the graphs. The work at Sandia was supported by the U. S. De-
material if only 2.5 /m is grown. There was no significant partment of Energy under contract number DE-AC04-
difference between layers 5.0pm and thicker. Also there was 76DP00789. The work at the University of Illinois at
no apparent dependence on the growth rate. Chicago was supported by Defense Advanced Research Pro-

In conclusion, we have grown CdTe (I l) on oriented jects Agency (DARPA) under contract No. F49620-87-C-
and misoriented GaAs (100) and have characterized the 0021 monitored by the Air Force Office for Scientific Re-
layers by x-ray diffraction and photoluminescence micros- search.
copy. The FWHM's of the CdTe grown on GaAs (100) mis-
oriented 2" towards the [ 110] were found to be significantly
better than for either other orientation tested. Photolumi-
nescence microscopy showed a totally different type of de- 'M. D. Lange, S. Sivananthan. X. Chu. and J. P. Faurie. Appl. Phys. Lett.
fect structure for the oriented substrate than for the misor- 52. 978 (1988).

-R. K. Tsui. J. A. Curiess, 0. D. Kramer, M. S. Peffley, and D. L. Rode, 1.iented substrates. The CdTe grown on the misoriented Appl. Phys. 58, 2570 (1985).
substrates exhibited only threading dislocations. For these 'P. L. Gourley, M. Longerbone. S. L. Zhang, and H. Morkoq, Appl. Phys.
reasons we believe that the growth of CdTe on GaAs can be Lett. St. 599 (1987).
greatly improved by the use of substrates that are misorient- 'J. P. Faurie, C. Hsu. S. Sivananthan, and X. Chu. Surf. Sci. 168. 473
ed 2" towards the [ 110 1. Not only is the FWHM significant- (1986).

'P. Gay, P. B. Hirsch, and A. Kelly. Acta Metall. 1. 315 (1953).
ly smaller than for the oriented samples, but only threading 63* Auleytner. X-ray Methods in the Study of Single Crystals (PWN-Polish
dislocations are present which can be blocked by the inclu- Scientific Publishers. Warszawa. 1967). Chap. 2. p. 152.
sion of an appropriate superlattice. This has already been J. Weertman. Elementary Dislocation Theory (MacMillan. New York.

1964) Chap. 4. p. 90.
demonstrated for (100) CdTe on aAs(100) using a 'P. L. Gourley, R. M. Biefeld, and L. R. Dawson. Appl. Phys. Lett. 47.482
HgZnTe-CdTe superlattice.'° Since this is a difficult super- (1985).
latice to grow, work on the design of a simpler superlattice is 'P. L. Gourley, R. M. Biefeld, and L. R. Dawson. Mater. Res. Soc. Symp.
presently under way. Proc. 56. 229 (1986).

'*J. P. Faurie, X. Chu. J. Petruzzelo. and D. J. Olego, presented at DARPAThe authors would like to acknowledge the technical IR Focal Plane Array Materials and Processing Review. Washington.assistance provided by L. L. Stephenson in preparing the DC. April 1988 (unpublished results).
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New achievements in Hg, -Cdje grown by molecular-beam epitaxy
S. Sivananthan, M.D. Lange, G. Monfroy, and J. P. Faurie
Univenity of lllinois at Chicago. Department of Physics. Chicago, Illinois 60680

(Received 5 September 1987;,accepted 14 December 1987)

A review of our recent achievements in the growth of Hg, -. CdjTe by molecular-beam epitaxy is
presented here. The influences of the substrate temperature, the crystallographic orientation, and
the nature of the substrate on the properties of Hg1 - Cd.Te are discussed in detail. We show that
to grow high-quality material with good uniformity in terms of the alloy composition and the
doping by crystal stoichiometry deviation, the substrate temperature should be between 180 "C
and Tin.. We report mobilities as high as 5.0 x 1205 cm 2 V-' s for n-type layers and 1.2 x 103
cm: V- s 'for p-type layers, achieved by precisely controlling the growth parameters. We
illustrate that the Hg condensation coefficient is influenced by the crystallographic orientation.
Our results show that for Hg, - ,Cd.Te grown on both the ( 111 )Band the (100) faces of CdTe or
GaAs the Hall mobilities are very high and comparable. We report our important achievement of
the successful growth of 2-in.-diarn HgI , ,Cd? Te films on GaAs( 100), with &Ax/F as low as 0.7%
for F = 0.2 18 (&x is the standard deviation and Tr is the mean value), At /tas low as 0.6% for the
layer thickness, excellent uniformity in the doping, and high electron or hole mobility. This
illustrates the excellent control that our group has achieved toward the growth of this material by
molecular-beam epitaxy.

I. INTRODUCTION ture range (T,.. - Trm) of about 10 to 15 "C when the

Since 1981, important progress has been achieved toward substrate temperature (T,) is in the 180-190 C tempera-

the growth of Hg, - Cd.Te by molecular-beam epitaxy ture range. W T, is below T., the excess Hg desorbs,
(MBE). The growth of high-quality epitaxial single layers however, twins, which are detrimental for electrical perfor-
and heterostructures is of vital interest for device technolo- mance, are observed. When growth occurs close to Tm,,,,

gy. Hg, -, CdTe is already the most important material for these growth defects might still exist on a longer periodicity
infrared technology, and is now appearing as a promising range of 100 A or more and consequently would not be easily

material for optical telecommunication systems.' The crys- detected by RHEED. 4 These defects are detrimental to the

tal quality along with the electrical performances of quality of the layer. When T, is above T,.. two possibilities
HgI -_Cd•Te epilayers grown by MBE have been greatly exist. (1) If T, is below 190 *C the excess Te leads to a poly-
improved by careful control of the grdwth parameters. In crystalline material. (2) If T, is above 195 'C the excess Te is

terms of quality and electrical performance, MBE layers of reevaporated and the film still grows monocrystalline, but a

Hg,-_Cd.Te can now be compared with the best change in composition is observed. Therefore, to grow high.

Hg, - ,Cd, Te grown by any other technique. quality Hg, -_, CdTe by MBE it is very important to control
In this paper, we present a concise account of our recent the Hg flux and the substrate temperature accurately and

achievements in the growth of Hg -, CdTe by MBE. The reproducibly from run to run, and uniformly over the sam.

influence of various parameters such as the substrate tem- pie. It should be pointed out that these parameters also play
perature, the Hg flux, the crystallographic orientation and an important role in the doping of the film by crystal stoic hi-

the nature of the substrate are discussed. The growth on 2- ometry deviation. The growth rate, which has not yet been

in.-diam GaAs substrates of Hg, -_ Cd.Teepilayers that are fully investigated, is also playing an important role in terms
highly uniform in terms of alloy composition, mobility, and of crystal quality. A growth rate of about 4 A s-'. which

carrier concentration from doping by crystal stoichiometry represents the best compromise between the crystal charac.

deviation represents the best achievement ever reported for teristics and the growth duration of 10- to 15-Mm-thick ept-
this material on such a large surface area and illustrates the layers, is currently used.

excellent level of control that our group has reached in this Hg tends to evaporate preferentially from a Hg, , Cd, Te
difficult procedure. A brief summary of the results will be surface. It has been experimentally shown that the conden-given here. sation coefficient for Hg is on the order of 10-' for n-type

Hg, .,CdTe (x=0.22) grown in the ( 111)Borientauon at
a temperature 190'C.s The condensation coefficient for a

II. GROWTH ON4 Cdle(1 11)5 SUBSTRATES given element is defined as the ratio of the number of atoms
MBE compositional control is difficult to achieve for incorporated in the layer to the number of atoms impinging

Hg, _ ,Cd, Te due to the noncongruent reevaporation of this the surface. As was pointed out already in 1982,6 a tempera-
compound.2 We have previously reported that reflected ture of 180"C or more is required to grow high-quahty
high-energy electron diffraction (RHEED) can be used to Hg, - ,CdTe films by MBE along the (111 )B direction.
monitor the suitable Hg flux.' For a given Hg flux, a high- Therefore, a very high Hg flux is necessary to maintain epi-
quality monocrystalline Hg, - ,Cd.Te film can be grown in taxial growth. Togrowp-type Hg, - ,CdTe (x=0.22) with
the (1i)B orientation within a narrow substrate tempera- a growth rate of about 4 A/s and a substrate temperature of

7W J. Ve. Se. TeoooL 8 3 (2), Mw/Apr 1INS 0734.211 X/8S/0207 3401.00 @ iNs A wlm Vacuum Oocetsy 7"



7 Sivananten ot &L: Now echlevements in Hg,.,Cd,Te grown by MBE 789

195 "C, about 1.5 cm4 of Hg per micron layer is necessary in TABLE 1. Comparison of growth rates and the x values for layers grown with
our system. This means that if a regular cell is used at a the same fluxes but different substrate temperatures.

constant temperature, the Hg level would continuously Relative Relative
change and would cause changes in the Hg flux which a Substrate growth rate growth rate

unacceptable. This problem is solved by a continuous-feed temperature Composition Growth rate of CdTe of HgTe
Hg cell, such as the one we are currently using. (C) (x) (k/s) (AlsI (. /i)

It has been previously reported that the composition (x)
is primarily controlled by the Cd to Te flux ratio. This is 185' ...... 4.39

correct when the Hg flux is roughly constant from one 1952 ... ... ... 4.40
200 0. 17 5.17 0.88 4.29

growth to the next and the substrate temperature is in the 205 0.19 4.67 0.89 378
180-190 C range. We have investigated the influence of sub- 213 0.31 2.78 0.86 1.92
strate temperature on the composition. HgI - , CdxTe layers
that were grown at different substrate temperatures, but 'Extrapolated from a separate experiment.
with the same fluxes. The thicknesses and the compositions
are obtained by infrared transmission spectroscopy at room of Hg leaves free Te which is also reevaporated
temperature. For each, the cutoff wavelength is defined asthat for which the absorption coefficient (a) is equal to 50 and the film still grows monocrystalline. But an increase in
cm- . The formula for the absorption coefficient is the x value of 1.5% to 2% for each I *C increase in the sub-S T fon(trsmittanceothes s tho d haefficienis strate temperature is observed, along with a large change ina = -- In (transm ittance) /thickness. Th is m ethod has been t eg o t a e h sp o l m c ud b atal o vd bprovn t prvideban ga meaureent whih ae i g~ the growth rate. This problem could be partially solved by
proven to provide band gap measurements which are in good i
agreement with those determined from the temperature de- Icreasing the Hg flux.pendence of the RoA products of diodes.7 The thicknesses of It is important to recall that a change in x of only

pendnceof te R.4 poduts f dides" Th thcknesesof x = ± 0.00 15 is the objective to reach for infrared detec-
the layers are calculated from the interference peak spacings t 0.v0ce i the cuto relch f Ifra t 77on the infrared transmission spectra. A large change in the lion devices operating at a cutoff wavelength of 10 jum at 77
ontheinfraredtransmission spectrum was obse d bw ee n the K. It is obvious that such a requirement cannot be achieved iftransm ission spectrum w as observed be tw een the layers p a t o th su tr e t m e a u eis b ve T ,.-N w f t e
grown at 205 and 213 "C, while a smaller but not negligible part of the substrate temperature is above T,. Now if the
change was observed between those grown at 200 and 205 *C substrate temperature is between Tg and Te (incidently
(Fig. 1). In a different experiment carried out at tempera- e the Hg flu s ine ch an t) the sustae
tures 185 and 200 "C no changes in the growth rate, and since the Hg flux distribution is not constant) the eplayers
consequently composition were observed between 185 and will still experience a change in the doping level and even in
195 C (Table 1). Due to the large change in the condensa- the conduction type.
tion coefficient of Hg with temperature, it is impossible to Stability in the temperature, with variations much less
carry out one set of experiments for the entire temperature than the rowth can . . uni-
range. Comparing changes in the composition and the formity in the temperature with variations ± 0.5 'C over
growth rate, one can see that these are both caused by a large surface areas has not yet been demonstrated. Conse-

change in the growth rate of HgTe, but not of CdTe (Table quently, taking into consideration the need of high-quality

I). The composition remains constant for substate tempera- material with excellent uniformity in the composition. the
tures between 185 and 195 C showing that the condensation substrate temperatures used should be between 180 C and

coefficient of Te is constant for the given Hg flux. When the T... Also, to grow Hg, - .Cd,Te with good uniformity in

substrate temperature is above 204C, which is the maxi- the composition and the carrier concentration over the sub-

mum substrate temperature for given Hg flux, the rapid ree- strate, it is important to achieve a very low temperature gra-
dient and to control precisely the substate temperature in the
180 "C-T.. range. In addition, a reproducibility of the sub-
strate temperature within 1 "C should be achieved in order to

.-... produce both the composition and the carrier concentration
I,...desired from run to run.
/Such control will be fruitless if the Hg, Cd, and Te fluxes
/ are not very constant. The Cd and Te fluxes are precisely

• " controlled through the temperatures of the effusion cells

which are stable within 0.2 *C. The Hg flux, which has lesser
importance than the Cd and Te fluxes in controlling of the
composition, is monitored by an ion gauge and kept constant
within a range of fluctuation of < 10%. This represents cell

9cAdT* goo ur.. owe ix temperature fluctuations of <0.5 *C.
Gradients in the substate temperature and the fluxes (the

4 ,,latter due to the cosine distributions of the fluxes) increase
with the size of the substrate. Therefore, it becomes obvious

Fo 1. Infrared transmmaon spectrocopic memumnen offt 1, CdTe that MBE growth of Hg _,Cd, Te on large area 2-in. diame-
grown with the sune fluxs, but at different tempertur.. - - 210C;.-. ter or greater substrates, uniform both in composition and
- 20S C; --. 200"C. carrier concentration, represents a real challenge. The need
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for rotation of the substrate becomes unavoidable because On the other hand the ( 111 ) orientation has a major
the alternative of using cell-to-substrate distances of about disadvantage for the control of the growth of high-quality
one meter is unacceptable in terms of Hg consumption. Ro- layer. That is stacking faults, which are often observed on
tation of the substrate, however, hinders proper mechanical the ( 1 )B face. When the Hg flux is too high, twining ef-
contact between the thermocouple and the substrate holder. fects which are caused by antiphase domains arc observed.
(Such use of a thermocouple is normally a convenient way to This implies that the twining process occurs very easily
control the temperature of the surface, although not reliably along this direction. This problem is in fact often observed
accurate in case of sudden change of the surface tempera- for zinc-blende crystals grown in the ( I I I) orientation, but
ture.) Therefore a pyrometer must be used. the growth of pyramids has been observed when the growth

conditions are not well controlled." No such phenomenon is
observed for the (100) orientation. Samples for which twins

IN ATI NC are observed by RHEED during growth exhibit high-carrier
ORIENTATION concentration and low mobility. Also, electroreflectance

In MBE a nonequilibrium situation is intentionally intro- measurements carried out on some (11 )B orientation
duced to drive the system to form a solid from the vapor Hg1 - CdTe layers have shown an increase in the line
phase by adjusting the substrate temperature and the partial width (F) on such films. 0 For the (100) orientation, even
pressures of the molecular fluxes. The formation of epitaxial though more Hg is necessary to grow Hg , -, Cd, Te no such
layers is highly influenced by the mass transport and the defects are observed. Thus the growth seems to be more easy
crystal surface. Therefore the crystallographic orientation to control in the (100) orientation than in the ( I I I) B onen-
can play a major role in the growth and properties of tation. It should be pointed out that n-type Hg,_ ,Cd, Te
Hg, - CdTe grown by MBE. can easily be grown along the (100) orientation even for

The influence of the crystallographic orientation on con- x > 0.30, while p-type HgI - ,Cd.Te is easily grown in the
densation coefficients has been compared among the (111)B orientation for x >0.19. This experimental result is
( I I I )A. ( I I 1 )B, and (100) orientations. In each case the difficult to understand if one considers that the p-type char-
Hg, - , Cd, Te growth was closely followed by RHEED. The acteristic is associated with Hg vacancies because then
minimum amount of Hg necessary to maintain the growth (100) layers should be morep-type than ( I I I )B layers since
was determined by slowly decreasing the Hg flux until diffi- the Hg condensation coefficient is lower on the (100) face.
culties in maintaining monocrystalline growth were oh- We are currently investigating this problem.
served. As we have reported" before, with all the other condi- Table II shows a comparison of the best Hall data of n-
tions including the composition kept constant, the minimum type samples grown either in the (100) or the ( I I I 1B sur-
amount of Hg necessary to maintain epitaxial growth of face. These values indicate that the mobilities are very much
Hg, -, Cd, Te at 185 "C is almost an order of magnitude comparable for the two crystallographic orientations. The
higher for the ( I I )A orientation than for the ( I I I )B orien- electron mobility of 5.0 x IO cm2 V-I s 'for Hg, .Cd, Te
tation. The minimum amount of Hg necessary to maintain grown on the ( I 11 )B face, is close to the theoretical limit of
epitaxial growth along the (100) orientation falls in between the electron mobility in HgCdTe with this Cd concentration.
that for the ( I I 1 )A and the ( I I I)B orientations. These re- Often, Hg, - .Cd, Te grown on the (100) surface has a high-
suits can be explained in terms of the bonding of surface er electron mobility than that on the ( ) I I) B surface. This
atoms. Hg atoms are more well protected from reevapora- shows that the control of the growth parameters for
tion in the (III)B orientation than the (100) orientation, Hg, _,CdTegrown by MBEismorecritical for the (l I ,8
and have the least protection in the ( Il )A orientation. A orientation than the (100) orientation.
similar but less dramatic tendency is observed for Cd. Table III compares the hole mobility of Hg, , CJ, Te

Results regarding the growth parameters for different ori- grown on the (100) and the ( 111 )B surfaces. It is important
entations provide an important means for ascertaining the to point out that these high-hole mobilities have been ,b-
best orientation for growth. From a Hg consumption point tamed for epilayers which have no small HgTe layer at the
of view. one could conclude that the ( I 11 )B orientation is interface with the substrate (we have shown that the pres-
the best. But it is important that other parameters, such as ence of HgTe at that interface can enhance hole mobtbty 1
the quality of the layer and the ease of control ofthe doping The hole mobility of 1.2X 10' cm- V' s-' observed in a
by stoichiometry deviation, are taken into consideration be- (I I I)B orientation is higher than the best p-ty.pe moblistv of
fore coming to a conclusion. For the (I I I )A orientation, 5.1 X 102 cm 2 V-' s ' for layers grown on the t 100) .ur-
growth by MBE of a high-quality CdTe buf'er layer with a face. It should be pointed out that we do not have as much
low-defect density is very difficult. Moreover, the amount of data for p-type Hg - CdTe grown on the (1001 %unace.
Hg needed to maintain the epitaxial growth of Hg, - , CdTe Therefore, it would be premature to draw a final conclusion
for the (I I I)A orientation is about ten times that for the for hole mobilities.
(I 11 )B orientation. This huge amount of Hg needed for the Since the (100) surface requires more Hg than thet I I I ,B
( 111 )A orientation growth creates a major problem for the surface, then from both the UHY and the economic po nts of
ultrahigh vacuum (UHV) of the MBE system. Therefore, view, the ( I I)B orientation is the best. As for the growth
the (111)A orientation is not suitable for MBE growth of point of view, we suggest that high-quality i-tpe
Hg, - ,Cd,Te. For this reason we have investigated only the Hg, -,CdTe layers are more easily grown along the 1 100)
(011)B and the (100) orientations, orientation [more has to be understood about the n'.t',pe
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TABU 11. Electrical characteristics of n-type ligCdTe grown by MBE between 180 and 190'"C.

Carrier conc. Mobility
Composition V0 _ V,(CM-3) AN (cm-VS-,) Carrier conc. Mobility

Sample x Thickness Orientation at 300 K T .V0 - 1 V(cm-') uN(cmV-'s-

CdTe substrate
241-600 0.13 .0p"m (100) 1. 3x10" 3.Ox 104 20 K 4.2x lo0l 3.7x 10'
214-526 0.19 11.71m 0(111) 4.6 x10'6 1.6x 10' 20 K 2.5SXI10" 3.1lx 10'

7-233(82) 0.20 6.0Opm (I1I1)5 4.0< 106 1.7 X 10' 77 K 2.OX 10" 1.9x t0'
162-431 0.22 2.0Opm (100) 2.OX 10"' 2.Ox 104 77 K 6.Ox 10" 1.6)( 10"

CdZnTe substrate
32-598 0.11 8.6pnim (111)h . lll Lox 10' 20 K 9.9X 10"4 2.1x X10o

19-405 0.20 9.Opmn (110)B 3.1 X 10" 1.4x10V 77 K 2.Ox 10" 1.2 x 05

GaAs substrate
576-396 0.18 2.7pmlu 010B) l.oX loll 1.9x 10' 30 K 1.Sx 10 lol5Ox 10,

12- 17 0.19 6.2Zpm (100) l.OX 1017 2.4 x 10' 30 K 1.Ox 1016 2.4)(10,
403-250 0.20 L.OAM (100) 5.10160 1.5 x IW 40 K l~Ox 101 3.0>40',
191-102 0.22 L.oom ( 111)5 2.0X 10'6 1. 110' 50 K 4.Oxto"s l~Ox 1o'

doping in (100)], while high-quality p-type Hg1 - Cd,,Te Hgj - 1Cd2,Te by MBE on other substrates. X-ray rocking
layers are more easily obtained by growing along the (111 I)8B curves measured on samples grown on CdTe, and CdZnTe
orientation. Therefore provided that a good control of the substrates indicate that comparable crystalline qualities can
growth parameters is achieved, what actually can be done, be reached, but the nonhomogeneity of the substrates ap-
( 111)B seems to be the best orientation, pears to be the primary limiting factor. Large dispersions in

IV. ROW H ONGaf(10) SUSTRTESfull widths at half-maximum (FWHM) are currently ob-
IV. ROW H ONGa~(10) SUSTR TESserved on commercially available CdTe or CdZnTe sub-

The growth of high-quality epitaxial films is limited by the strates. Nevertheless, it is important to point out that when
substrate quality. CdTe, because of its closeness in lattice the growth conditions are under good control and the sub-
parameter and its metallurgical compatibility with strates of high quality, HgCdTe epilayers can almost dupli-
Hg1 - . Cd. Te, is a natural choice for the substrate material. cate the crystal quality of substrates. As an illustration.
However, the lack of availability of high-structural perfec- FWHM as low as 17 and 18 arcsec (Fig. 2) were recorded on
tion CdTe substrates has stimulated interest in growth of samples grown on CdTe and CdZnTe. Nevertheless when

TABLE Ill. Electrical characteristics of p-type HgCdTe grown by MBE between 190 and 200'C (no HgTe layer at the interface).

Carrier coric. Mobility
composition N,0 - N, (cm-3) pM (cm 'v-I' Carrier conc. Mobility

Sample Substrate x Thickness at 300 K T .V4 -NOV(cm-') PH (Cm-V_ S

(I1I10B orientation
196-491 CdTe 0.20 4.3 p~m 1.6x 10"6 9.ox 10' 30 K 6.0OX 10' ,
193-484 CdTe 0.21 4.3 A 2.9X 10"6 8.5 X 10' 30 K 5.1>0 1x os0' Ity
242-602 CdT. 0.22 11.9p/m 2.1X 10"6 8.4x 10' 23 K 2.Ox lol" I11.
215-527 CdT. 0.25 11.9 pAM 5.x 10"l 7.5x 10' 30 K 6.2 x 10"s '' lo
205.516 WeT 0.29 IS.6pm 3.OX 10"s 4.5Sx 10' 30 K 7.5Sx 10"- 1 1 10'
216-528 CdT. 0.34 12.1 un I.6X 10"' 1.5 X 10' 77 K 3.6x 10" s0w 10-

667-532 Gams 0.20 2.1 pAn 2.4x 10" L.ox 10' 23 K 4.1 X 10"1 1 2 ' to
681-540 GaAs 0.21 3.71m 2.4 X 10" Lox 10' 23 K 3.6 x 10" 1 1 1W'
583-453 GaAs 0.22 5.4jum 1. 8X 1016 6.7x 10' 30 K t.4 x 10" .7~ 10-
654-503 GaAs 0.25 3.Ipjm 6.2x 10" 4.5 x 10' 30 K 1.I 10lo" 7 3. 10
393-244 GaAs 0.28 1~.3A 40 K 2.8x 10"5 52. '0
500,308 Ga&s 0.31 2.3 im 2.6x t0" 2.4x 103 30 K I. Iloll 4,5. 104

4-319 CdTdS 0.31 7.6 #m 3.t Xto,, 3.2 x 0' 30 K ZAX 10" S 4- Io'
2-310 CdTede 0.32 9.41lu 2.1 X 10" 1.9X 10' 30 K 1.2x lo0l o 7. to,

34-60S CdZaTe 0.24 9.2p Am .SA t0' 5.7x 101 23 K 1.44101 so," to;

(l100)orentation
673-534 Ga&s 0.21 4.2 pas 2Ox 10"6 4.6x 10' 23 K 3.4x 10"s 51I 
125-304 CdTe 0.24 3.00m 4.1 X to's 3.6 x 10) 77K 2.ox 10"6 .5 1 10
127-306 CdTe 0.29 2.7 pm 4.1 X 10" 2.9x 10' 77 K l.S5X 10"6 I '
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panison because such characterization is closely related to

device characteristics.
Much discussion has occurred regarding the epitaxy of

5o Arcc iCdTe on GaAs(100) since both ( I l1)Band (100) oriented

CdTe can be grown on GaAs( 100).' ," It has been recently
shown that ( I 11)B orientation and (100) orientation CdTe
grown on GaAs( 100) are of high quality, but also that the
quality of the (100) CdTe improves when the oxide is totally
desorbed prior to growth. In order to completely desorb the

IS Arcsec oxide the GaAs should be preheated to 580 *C. However,

this creates an As deficient surface. Therefore, to grow
-I (100) CdTe, either the substrate should be preheated to

580'C under As or Te flux, or first Cd - ,Zn,,Te with
x>0.15 should be grown after preheating to 580 C. The
growth of Hgj _ Cd. Te on CdTe//GaAs( 100) substrate
has been previously reported.' 6 Electron diffraction patterns
obtained during such growth attest to the high quality of
these films. The observation of an electron mobility as high
as 5.0x 10 cm- V ' s-' for Hg _ ,CdTe ( I 11 )B grown

(al eO -) on GaAs indeed indicates that the quality of such layers is
excellent. Tables Il and III display and compare electrical
characteristics of n-type and p-type Hg, - Cd, Te epilayers

5grown on various substrates. Using mobility as a tool to cor-5 0 Arcinec
pare the quality of these layers, one could conclude that
Hg, -,Cd, Te grown on GaAs(100) substrates is of high
quality, comparable to that grown on CdTe, CdZnTe. and
CdTeSe. Of course finally the comparison of IR devices
made from Hg, -CdTe layers grown on different sub-
strates will provide the ultimate test.

i 17 Arcsec

,V. GROWTH ON 2-IN.-DIAM GaAs(100) SUBSTRATES

.2 tAs discussed above, the growth of Hg, - .Cd,Te on 2-in.-
diam GaAs( 100) substrates represents a real challenge since
all the growth parameters must be extremely well controlled.
But certainly success in this endeavor will be an important
achievement for Hg, - ,Cd1 Te detector technology. Several
2-in.-diam Hg,_ Cd,Te layers have been grown on
GaAs(100). All of them exhibit uniform mirrorlike sur-

(b) 6 (Oecreasing -faces. The details of the growth and characterization are giv-
en elsewhere." In order to determine the uniformity in

FIG. 2. X.ray rocking curve recorded along the (333) direction, using the thickness composition, infrared transmission measurements
Cu-K, line (A w 1.340562 A). (a) HgCdTe on CdTe substrate. Sample have been performed at several positions on the samples. A
$242602. reflection (333). (b) HgCdTe on CdZnTe substrate. Sample standard deviation (Ax/x) aslowas0.7% of the mean com-
38617. reflection (333). position (7) and likewise a measurement for At/t of 0.6%

for the thickness have been observed for 5-Mm-thick layers
with composition around 0.22.

the x-ray probe was moved the half-width deteriorated due For a p-type film grown on the ( 11 )B surface the carrier
to the lack of uniformity of the substrates. The lack of avail- concentration (N, - Nd) increased by a factor of 2 from
ability of tellurium-based substrates makes GaAs very at- 3.6X 10"1 cm - 3 at the center to 7.2X 10's cm -' at the edge
tractive. The interest in growing Hg1 -. Cd2Te on GaAs still of the film, while the hole mobility increased from 5.7 x 102
exists, despite the important progress made in the improve- cm V -' s ' at the center to 6.2 X 10 cm- V -' s - ' at the
ment of CdTe crystal quality during this last year, because edge. A 2-in.-diam n-type HI _,Cd Te film was grown on
CdTe and related materials are much more expensive than the (100) surface. For this film mobility vaned between
GaAs and not available in 2- and 3-in.-diam sizes. Thus it is 1.3 X 10 cm V' s- ' and t.SX 0I(cM2 V-' s-' indicating
interesting to update constantly the data obtained for epi- a layer of good quality. Also for this n-type layer the carrier
layers grown on these different substrates. Electron and hole concentration (Nd - N,) ranged only from 4.OK t1 to
mobility, and carrier concentration are chosen for such com- 4.4 x 101 cm-', exhibiting extreme uniformity.
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11-2-3 CdTe/Si(100)

The direct growth of CdTe-HgCdTe on Silicon substrates is especially attractive

in view of producing large area monolithic IR focal-plane arrays, combining

HgCdTe IR detectors with Si integrated circuits for signal processing. Si substrates

are commercially available in large area and are inexpensive compared to CdTe or

even GaAs. Therefore Si would be an ideal candidate as an alternative substrate

if 19% of difference between CdTe and SI lattices did not exist.

Despite the enormous interest in a IR monolithic approach based on SI-based

growth technology only few attempts to grow CdTe directly on Silicon have been

published. The MPLab has reported the first successful growth of (111)B CdTe on

Silicon by MBE. CdTe(100) has also been obtained when an intermediate layer of

ZnTe is grown first. The (111)B oriented layers are made of two twinned domains

which are rotated by 900. It has been shown that using a 80off Si(100) substrate

a single twin-free domain is observed. CdTe layers have been characterized by

high energy electron diffraction, photoluminescence spectroscopy, scanning electron

microscopy and x-ray diffraction. The detail of this very exciting work has been

published in the attached paper.

During this study i was found that the cleaning of Si substrate is extremely

critical. The thermal treatment at 8500C is very important step as well as the

background pressure during the treatment. The temperature should be very

uniform across the entire wafer. In the current machine silicon wafers are held

on the substrate holder with indium. During the thermal cleaning procedure

indium tends to form islands which leads to temperature uniformity regarding the

surface of Si. This is one of the major problems encountered here.

From this preliminary study it is concluded that the new prototype MBE

machine OPUS 45 is much more suitable since Si substrates are held without

Indium or Gallium and a better temperture uniformity is expected. In addition

this machine can handle a 5-Inch SI substrate taking full advantage of Si substrate.

ATTACHED PAPER:

1. "Molecular beam epitaxial growth of CdTe and HgCdTe on SI(100)."
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11-3 HgCdTe(l11)B TWIN-FREE EPILAYERS

11-3-1 CONTROL OF THE GROWTH

The improvement of HgCdTe MBE grown epilayers in terms of structural, transport

and optical properties has been a constant concern over these past years in the

MPLab. It is of extreme importance to control carefully each step of the growth

process. The surface of the substrate as discussed in part 11-2-1 should be prepared

under very clean conditions and within the proper temperature range. The growth

of the CdTe buffer layer has also to be grown under optimized growth conditions

in order to obtain the highest crystal quality. CdTe buffer layer grown either on

CdTe, CdZnTe, GaAs or SI should be twin-free and should exhibit a low dislocation

density.

As discussed in part 11-2-2 the growth of CdTe on GaAs has been improved

drastically during the contract period but still does not compare with the best

CdTe grown on CdTe or CdZnTe. The growth of HgCdTe as reported previously

and discussed in the paper "New achievements in Hgj_xCdxTe grown by MBE"

demandS very stringent requirements in terms of flux and temperature stability and

reproducibility.

The growth of twin free (111)B HgCdTe represents a real challenge. In addition

to rotation type twins, reflection type twins have been observed as discussed in

part I1-1 First of all the substrate or the buffer layer should be twin free.

Therefore great care has to be taken during substrate preparation and buffer

layer growth as discussed before. The same precautions have to be observed

during the first steps of the HgCdTe growth in order to prevent double positioning

twin formation. During the growth we have seen that an increase in the Hg flux

or a decrease in the substrate temperature can trigger the formation of an antiphase

boundary.

The control of the Hg flux is achieved though the use of a constant level Hg

cell. During the growth and from run-to-run the Hg flux monitored by an ion

gauge is kept within less than 5% fluctuation. The control of the substrate

temperature TS Is the most difficult task because what has to be controlled is, in

fact, the temperature of the surface TSS. We have verified that the temperature

indicated by the thermocouple located in the back of the substrate which rotates

1) does not give an accurate reading of the substrate temperature

2) does not account quickly for surface temperature change
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The use of an IR pyrometer does not represent either an ideal solution. When

Tss is kept constant at 1900C, by using a front thermocouple, at the initiation of

HgCdTe growth a jump of approximately 250C (in our MBE configuration) occurs

in the pyrometer reading Tp due to scattered IR radiation primarily from the hot

CdTe cell as illustrated in Fig. 1. Immediately Tp falls steeply due to both the

rapid decrease in reflectance of the block and the fall toward the first minimum

in the interference pattern related to the presence of a thin HgCdTe layer. Once

the first minimum is reached Tp rises toward the next maximum. Several more

oscillations of decreasing amplitude follow. After about 1.5pm of growth, the

oscillations are almost completely gone. At this point Tp is approximately 150C

higher than the reading before growth. This increase is primarily due to emitted

radiation since emittance increases as cadmium composition decreases.

During this time the back thermocouple TB reading has increased by 15-200C.
In other words if TB is kept constant, TSS will decrease. Then the Hg flux kept

constant will become too high since the Hg sticking coefficient changes drastically
with temperature and reflection twin visible on the RHEED pattern will be formed.

From these experiments it appears that the control of the surface substrate

temperature TSS which is a key parameter and should be kept constant within 10C

is an extremely difficult task. The Microphysics Laboratory has devoted a lot of

time in order to achieve the best control of TSS.
Since a front thermocouple cannot be left during conventional growth using

rotation, a double control involving a back thermocouple and an IR pyrometer

along with the knowledge based on tedious experiments identical to the one
describe before, is currently utilized in the Microphysics Laboratory. It is very

important to point out that If these observations are certainly valid for MBE

growth of HgCdTe carried out in any MBE machine and using a substrate stuck

with Gallium on a Molybdenum block, the magnitude of relative changes between

TB, Tp and TSS will depend strongly on the substrate heater technology and

effusion cell geometry. These investigations have resulted in a better control of
the surface preparation, the stability, and reproducibility of all the fluxes and the

surface substrate temperature. This improvement has been confirmed by the growth

of twin-free HgCdTe(111)B illustrated in the ECP of Fig. 2 and excellent results

for epilayers grown in (211)B orientation presented in part 11-3-3
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FIGURE CAPTIONS:
Fig. 1 Plot of the temperature pyrometer reading Tp vs t for Hgl-xCdxTe

(x = 0.26) grown on CdTe(111)B. During the experiment the surface

temperature of the substrate Tss is kept constant at 1900C.

Fig. 2 Electron channeling pattern along the (111) axis of a twin free

HgCdTe (111)B layer grown on CdZnTe(lll)B substrate.
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CdTe has been grown on Si( 100) by molecular beam epitaxy. Two orientations can be
obtained: ( I I I )B CdTe when the CdTe is deposited directly on the Si( 100) substrates, and
( 100)CdTe when an intermediate layer of ZnTe is grown first. The ( 11 )B oriented layers are
made of two domains which are rotated by 90*. A layer with only one domain can be grown on
Si( 100) misoriented by 8*. but the best misorientation for this purpose still needs to be found.
These layers were characterized by reflection high-energy electron diffraction.
photoluminescence spectroscopy, scanning electron microscopy, and x-ray diffraction.
Hg, -,Cd,Te has also been grown by molecular beam epitaxy on ( 111 )B CdTe on Si( 100).

The narrow band-gap semiconductor mercury cad- silicon surface with a thin protective oxide. The sample is
mium telluride (Hg, - CdTe) is actively studiea by sever- then outgassed in vacuum at 500 *C for several hours before
al groups because of its high-technology application in in- the oxide is removed in the growth chamber by heating at
frared (IR) detection and, possibly, telecommunication. 850 *C. On such a surface, no sign of contamination could be
Over the past several years, significant progress has been detected by x-ray induced photoelectron spectroscopy
achieved in the growth of epitaxial layers of this semiconduc- (XPS) or Auger electron spectroscopy (AES).
tor. More specifically, molecular beam epitaxy (MBE) has Figure 1 shows RHEED patterns obtained during the
now reached a state where layers with sufficient quality for growth of CdTe directly on Si(100). The CdTe grows in the
photovoltaic detectors can be produced."- ( 111 ) orientation, and two domains rotated by 0° are ob-

CdTe and CdZnTe are the most widely used substrates served. For this epitaxial relationship, the [ 211 1 CdTe axis is
for epitaxial growth of Hg, - ,CdTe. Unfortunately, it is parallel to either the [011 ] orthe [0111 Si axis. In this direc-
difficult to produce good single crystals of these materials on tion. the lattice mismatch is reduced to only 3 4% After I
a large area. and these substrates are very expensive. Silicon u.m of CdTe. some roughness is still seen in the Il , CiTe
is an attractive candidate as an alternative substrate for direction. whereas the streaked pattern corresponaini to the
Hg- ,Cd. Te. High quality Si wafers are commercially
available :n large areas and they are inexpensive compared to
CdTe or even GaAs. The main advantage of growing CdTe
or Hg, ,Cd, Te directly on silicon is that it could eventual-
lv become nossible to fabricate large-area monolithic IR fo- .

c.al piane arrays taking advantage of the well-deveioped Si
:ntegratea circuit technoiogy. However. one severe problem
.,ith this heteroepitax. is ;he very large i 19%c) lattice mis-
,atcn ret'%een CJTe anu Si.

So far. oniy few attempts to grow CdTe directly on sili-
-on nave 'een puolished. - " Althougn the orientation of the
CdTe is not stectfied in some cases. it seems that ( 100)CdTe
Was ootaineu by both NIBE' and low-pressure metalorganic
:nemicai anor deoosition.' " One group reports the growth (a) fbI
," 3IIB CJTe on SitIll) by MBE. but they use a
Ca.Ba) F, huifer laver.'

in this letter we report our first successful growth of
I lI )B CdTe and ( 100)CdTe on silicon by MBE. The
I 11 I B onentation was obtained by growing CdTe directly

on Si( 100). whereas an intermediate layer of ZnTe was used
:o obtain the ( 100)CdTe orientation. We have also grown
Hg, . Cd.Teby VMBEon i I I )B CdTegrown on Si(100).
The CdTe films were characterized by reflection high-ener-
gy electron diffraction (RHEED). scanning electron mi-
croscopy i SEM). photoluminescence (PL) spectroscopy,
and x-ray diffraction measurements.

Si( 100) wafers, both oriented and misoriented by 8°  (cl (d)towards (011). were used for this experiment. They were FIG. I RHEED patterns obtained dunring the groth i nSt (100 .e-heamalongSil0111. 1a, I mCdTe. jb) .'I1..m T,
cleaned using a procedure developed by Ishizaka and Shir- o S000) cut * ff ais and. d) sme is on
aki." This method is a wet chemical etching, which leaves the HL.., Cd., , Te. E. = 40 keV.
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[211 jCdTe azimuth shows that the surface of the domains is i

smooth in this direction. The diffraction patterns eventually T1
become streaked in both directions. and very weak higher 50 m focse

order streaks are sometimes observed. Because of the super. 0m oue
position of the two domains and because the higher order
streaks are too weak, we could not yet identify the recon- t
struction. It is clear, however, that the (2 x 2) reconstruc-
tion which is always observed on a (Il I )A CdTe face grown
by MBE is not observed here. We conclude that a (I I1)8 B
face is obtained on Si( 100) in our experiment. This fact will Z
be confirmed later based on the growth of Hg, - Cd, Te on
these CdTe layers.

We have grown up to 20-A~m-thick layers of CdTe on
Si( 100) at a growth rate of 2.6,A s-'. These layers are quite
smooth, as is seen from the RHEED pattern in Fig. I1(b). 1 4 145 1. 1 .5 6
Figure 2 shows a SEM image of the surface of a 20-tim-thick ENERGY (eV)
CdTe layer on Si( 100). This surface shows some weak FIG. 1. 12 K photoluminescence spectrum ofCdTe on Sit 100) excited with
roughness on a micron scale. associated with the growth of a 50 mW Am-on laser at 514.5 nm wavelength.
hexagonal columns. In the case of GaAs on Si. film cracking
during the cooling has sometimes been reported when the W saslws5.meonoesmps.hihc -
laver thickness exceeds several microns." We did not ob- FWHrs asr welwit ase 5.6lmeV o some sampes. whcforn-ig
serve such problems for CdTe on Si( 100). pr eywl ihtevleo e eotdfrhg

Low-tempierature ( 12 K) PL spectra were measured on quality CdTe grown on Ga.As. The intensity ai
CdTe epitaxial layers to investigate the quality of these lay- eS4 QaV5

1
ev is 0.5 for the spectrum shown in Fig. S l

ers. The 514.5 nm line of a 50 mW Ar-ion laser was used though it is difficult quantitatively to compare this intensity
rtowith other published values because it deDends on ext-here. A PL spectrum measured on an 8-urn-thick layer of

Ill'B d~eitrwn n S( 00)is how inFig S.Th perimen~1 parameters such as the laser cower. these results
narowr eakat1.92 V s ttibuedtoboud xcto give direct evidence of the successful growth of the cilamsai

iarrwerpeakat .59 eV s atribtedto oundexcton layers of CdTe on Si( 100) and are ',erv encouracin, o a
BE) recombinations and perhaps some band-to-band tran-

,;itonsfro nea-bad-eee sate. Te brade eaure ure use of these substrates for the gr-owth of CJTz -!no
~itonsfrm nar-an-ede sats. he rodereatre HgCdTe by MBE. However, the natural FWHM t' -he

around 1.55 eV) is due to band-to-acceotor radiative tran-
Mdet 333) x-rav diffraction line determined from o. urie--;itions. 'It it generally accepted that this band is related to cvtircigcre ssilvr ag t- ~ci

some kind of defects or impurities in CdTe. but no informa- W.hich means tht the structural quality fte jtion on the microscopic origin of these transitions is avail- bo besgill mrvd hs hudreto'r: .
able. An identification of the nature of the defects or impun- A:aigpoeuecn~eoimzu !r-c

tI es, involved is beyond the scope of this ietter. Also a detailed usrt laigpoeue a eotmzu Tr--c
study of the mniuence of the parameters used for the MIBE -tineeaii. tne vacuumha reients app fer , Pc..
g7rowth still needs to be done. ticn xslcnta o Je n ~~rn....

The photoiuminescence full width at half maximum Ircor hudas eue. hs ~it i~....

FWHM) and the intensity of the BE band can be used to netIgta
judge~~~~~~~~~~~~~~~ thIult fteC~ aes ntesetu fFg I) tCTe :an also be Lrown on Sit U0 *

,udge~~owru the ult of theeRHEElaversInrnhespectruofoFig
I. the higher energy BE peak has a FWHM of 7.5 rneV. ana a oau .TeREDptencrenn
-houider cut to a pooriy resoived oeak is -!ven distinguisheo ..mn-thick ayer of CdITe show that these film, :-.v . -

- omain structure -Fig. i i. *%e u~gest in..i
at the right-hand side of the bano. We nave measurea -uero the reconstruction ot .he Si 'urta.-ec

ecen niown that a Liouble domain - . ::
)btained on Sit 1001 i herc:ah a single domain~

-. :azjned when the Sit 100) is cut off a.\s n\ 4

Although the 8' tilt chances Thet dou nle- inr...
ure into a singie-domain one, itdoes not reujutc.

of the \-ray diffraction rocking curves. This oo~ ..
two reasons. First, even ihough the suosirate.
suppress the double-domain structure, the best -he
tilt angle still needs to be found. Initially. a tiltan1iL' -

chosen because it is expected to product!ercni unle
atomic steps to generate dislocations in order :o' *_-!r

date the 19% lattice mismatch between (o PX) in
Si( 100). However, since the (I I I) orientation '

FIG. 2. SEM micrograph of the surface structure near a cleaved edge of when CdTe is grown directly on Si( 100) by \1131E.
CJTc on Si ( 100).- match is reduced to 3.4%l in the [211 ) CdTe .jir-e. n I n

1880 A001. Ph'yS Lett . Vol. 55. No. 18, 30 October 1989 Soorsten e-.? 1 80



W4." &V JSAA* 6,AAA%.. &A "a% .4 &AAUM& 
4
.J.

4 
& 16-1-1

was grown at 190 *C. Figure I1(d) shows that a smooth sur-
face is obtained and that the two domains in the CdTe layer
are present throughout the HgCdTe layer. The composition
x and the thickness were measured by Fourier transform
infrared transmission spectroscopy. The values obtained are
x = 0.22 and d = 4)um. The same thickness is also deduced
from a SEM observation of a cleaved edge of the sample. The
Hg flux used for this growth was the same as what is usually
needed for the growth of Hg, - , CdjTe on (111 I)8B CdTe at
190'0C. Since the Hg flux for the growth on ( I I )A CdTe
would be about ten times higher."~ this comfirms that the

()I (11)8 orientation is obtained on Si( 100).
In summary, we have grown (111)8 CdTe and

(100) CdTe on Si( 100) by MBE despite the lattice mismatch
of 19%. The (Il I )B orientation is obtained directly on
Si( 100), whereas a layer of ZnTe is grown at the interface in
order to obtain the ( 100) orientation. HgCdTe has also been
grown by MBE on top of the 111I )B CdTe layers on
Si ( 100) . Tilting the Si ( 100) surface helps to suppress a dou-
ble-domain structure in the (Ill I) layers, but the best tit
angle still needs to be found. Photoluminescence data ob-
tained on these layers are encouraging for the future use of Si
as alternative substrates for the 2rowth of CdTh and
l-izCdTe.

We would like to thank Z. Ali and S. Farook ribr their
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Ts s Is kept constant at 1900C, by using a front thermocouple, at the initiation of

HgCdTe growth a jump of approximately 25*C (in our MBE configuration) occurs

in the pyrometer reading Tp due to scattered IR radiation primarily from the hot

CdTe cell as illustrated in Fig. 1. Immediately Tp falls steeply due to both the

rapid decrease in reflectance of the block and the fall toward the first minimum

in the interference pattern related to the presence of a thin HgCdTe layer. Once

the first minimum is reached Tp rises toward the next maximum. Several more

oscillations of decreasing amplitude follow. After about 1.5pm of growth, the

oscillations are almost completely gone. At this point Tp is approximately 150C

higher than the reading before growth. This increase is primarily due to emitted

radiation since emittance increases as cadmium composition decreases.

During this time the back thermocouple TB reading has increased by 15-200C.

In other words if TB is kept constant, TSS will decrease. Then the Hg flux kept

constant will become too high since the Hg sticking coefficient changes drastically

with temperature and reflection twin visible on the RHEED pattern will be formed.

From these experiments it appears that the control of the surface substrate

temperature TSS which is a key parameter and should be kept constant within 10C

is an extremely difficult task. The Microphysics Laboratory has devoted a lot of

time in order to achieve the best control of TSS.

Since a front thermocouple cannot be left during conventional growth using

rotation, a double control involving a back thermocouple and an IR pyrometer

along with the knowledge based on tedious experiments identical to the one

describe before, is currently utilized in the Microphysics Laboratory. It is very

important to point out that if these observations are certainly valid for MBE

growth of HgCdTe carried out in any MBE machine and using a substrate stuck

with Gallium on a Molybdenum block, the magnitude of relative changes between

TB, Tp and TSS will depend strongly on the substrate heater technology and

effusion cell geometry. These investigations have resulted in a better control of

the surface preparation, the stability, and reproducibility of all the fluxes and the

surface substrate temperature. This improvement has been confirmed by the growth

of twin-free HgCdTe(lll)B illustrated in the ECP of Fig. 2 and excellent results

for epilayers grown in (211)B orientation presented in part 11-3-3

FIGURE CAPTIONS:

Fig. 1 Plot of the temperature pyrometer reading Tp vs t for Hgl-xCdxTe



14

(x = 0.26) grown on CdTe(111)B. During the experiment the surface

temperature of the substrate Tss is kept constant at 1900C.

Fig. 2 Electron channeling pattern along the (111) axis of a twin free

HgCdTe (111)B layer grown on CdZnTe(ll1)B substrate.
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11-3-2 HgCdTe (111)8-COMPARISON BETWEEN TWINNED AND TWIN-FREE LAYERS

Hgl-xCdxTe twinned layers grown by the Microphysics Laboratory in the (111)B

orientation usually exhibit a p-type character with hole mobility approaching or even

exceeding 103 cm2 v- 1 s-1 (1) and excess carrier lifetime in the 20-100 x 10- 9 s.( 2)

An excellent electrical mobility is often considered to be associated with an

excellent crystal quality. It turns out that it is not precisely the case here.

All the layers exhibiting 103 cm2 v-ls-1 have been investigated using x-ray

diffraction. X-ray rocking curve recorded for the (422) reflection have shown for

all of them 6 peaks while rotating the sample about the <111> axis while only three

peaks should be observed In a twin-free epilayer. These findings were confirmed

by ECP experiments. The first thought was that the presence of twins does not

degrade the hole mobility. In order to confirm this, two HgCdTe epilayers (x =

0.25) have been grown under the same growth condition except that the Hg flux

was increased several times for several minutes during the growth of layer A

whereas for layer B the twin-free growth conditions have been applied. X-ray

diffraction confirmed that layer B is twin-free and layer A Is twinned. Both

layers have a p-type character, however, whereas layer A exhibits a hole mobility

of 900cm 2v - l s - 1 layer B has only a hole mobility of 300cm 2 v-ls-t at 23K. All the

twin-free p-type layers grown so far have a hole mobility not exceeding 500

cm 2v- 1 s- 1 .

In addition the carrier concentration NA-ND for p-type twinned layers has been

consistently found to be in the 1-5 x 1016 cm- 3 and from the Hall data curve fitting

NA has been calculated to be In the 5-8 x 1016 cm - 3 range as reported before.(3 )

P-type twin-free layer displays a much lower carrier concentration: NA-ND is in

the low 1015 cm - 3 range. The decrease in NA-ND Is so drastic In twin-free

layers that many of them turned to be n-type. Anyway the lower hole mobility

in twin-free layers cannot be explained by an increase in scattering due to a

larger acceptor concentration since it Is the opposite. Therefore it is concluded that:

1) electrically active acceptors are associated with the presence of twins

in HgCdTe

2) a relationship exists between the high hole mobility and the presence of

twins in HgCdTe.

Hg,_xCdxTe grown at 2000C under To-rich conditions, such as MBE but under
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thermal equilibrium conditions, unlike MBE, should produce an intrinsic hole

concentration due to Hg vacancy close to 1 x 1016cm- 3 .(4 ,5 ) Hence it appears

that in the (111)B orientation twinned layers have a p-type doping level exceeding

the one expected from growth under thermodynamical equilibrium at the same

temperature. In addition the fact that fast low temperature isothermal (mercury-

rich) anneals make the (111)B materials even more p-type leads us to believe that

extended defects are mostly responsible for the electronic activity in the as-

grown material. The increase in the acceptor level could be explained by the

presence of numerous (111)A planes in the twin boundaries and antiphase boundaries.

As reported before(6 ) a (111)A plane which is Hg terminated is very unstable and

thus should have a Hg-vacancy density higher than the one thermodynamically

calculated for a bulk -crystal.

Concerning the high hole mobility no clear explanation has yet beer tu.d.

However it is possible that with the excess of mercury, which triggers the !ormation

of Hg-rich antiphase boundaries, Hg-rich alloy zones are formed in the crystal.

Therefore numerous Type III (semimetal-semiconductor) Interfaces exist within the

crystal. It has been discovered and explained(7 ,8 ) that a high hole mobility due

to light-heavy hole effective mass is associated with Type III interface. Hence

the measured Hall mobility in these non-homogenous crystals would average the

high hole mobility associated with the Type III interface holes and the low hole

mobility of the bulk.

Indium diffusion experiments which have been carried out in doped Quantum

well (111)8 structures(9 ) have shown that several In diffusion coefficients are

required to explain the observed secondary Ion mass spectrometry data. A fraction

of the indium has been found to be fast diffusing through a defect related matrix.

Another important difference related to etch-pit density (EPD) and reported in

Table I has been found between twinned and twin-free layers In good agreement with

ref. 10. EPD count which is related to dislocation density, Is determined using defect

chemical etching solution suitable for the Investigated crystallographic orientation.

The percentage of twin has been qualitatively determined from x-ray diffraction

by comparing the intensities of twin-related peaks with crystal lattice peaks.
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TABLE I

Hg 1 _xCdxTe Samples x Twin EPD(cm - 2 )

935 0.24 50% 8X10 6

933 0.33 10% 5x10 5

932 0.21 0 8xI0 4

One can see that by eliminating twins EPD can drop tremendously indicating a drastic

improvement in the crystal quality unexpectedly associated with a decrease in the

hole mobility measured by Hall in p-type layers.

Very long isothermal annealings have been performed on twinned and twin-free

(111)B HgCdTe layers and very similar residual doping level have been found. The

material is n-type with a background level in the 5 x 1015 - 2 x 101 6cm-3 range.

This background does not seem to be controlled by residual impurities. SIMS analysis

indicates that MBE layers are very clean. Although all the complex relationships

between growth parameters and intrinsic doping are not fully understood it Is currently

postulated that the residual donor doping level in MBE grown HgCdTe layers is

due to tellurium atoms in antisite position i.e. replacing Hg atoms.( 1 1)

We have also found evidence from dopant diffusion such as indium and junction

formation experiment using our low Ion energy sputtering technique that one

diffusion component Is very fast. We believe that this fast component Is related

to the twin boundaries. We have not yet been able to establish a formal proof of

it.

Table II provides a brief summary of the main differences between (111)8 twinned

and twin-free layers grown by MBE.
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TABLE 11

Twinned Layer Twin-Free Layer

Conduction Type p-typo p-type - n-type

p-type layers

NA - ND 2-5x10'6cm-3  1-2x10 15cm-' 3

Hole mobility 800-1600cm2/vsec 300-500cm2/vsec

EPO 106-107cm-2  104-105cm-2

Residual doping

level after 5x10'5-2x1016cm-3

Isothermal annealing
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11-3-3 GROWTH IN (211)B ORIENTATION

The progress accomplished in the growth in the (111)B orientation has been

used to control in a better way the growth in different orientations. We have

devoted our recent efforts in the growth along the <211> azimuth where the

twinning problem does not appear as severe as In the (111)B. The layers grown

in the (211)B orientation under the stringent growth control previously discussed

exhibit excellent properties. As an example the layer #1008 has the following

characteristics:

x = 0.18

thickness: 16.2pm

Nd-Na: 1.gx1014cm - 3 at 15K

electron mobility: 1.1x106 cm2 v-ls- 1 at 15K

lifetime: 9xl0-6sec at 250K

2.2xl0-6sec at 77K

This result reflects the state-of-the-art of the growth of HgCdTe alloys In the

Microphysics Laboratory. These results are at least as good as the best results

ever reported for HgCdTe grown by any technique for this composition. Diodes

fabricated on twin-free (211)B layers showed Improved operational yields.(1 )

REFERENCES:

1. S.S. Yoo, M. Boukerche and J.P. Faurie (unpublished results)
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11-4 MBE GROWTH AND CHARACTERIZATION OF TWO-INCH DIAMETER P- AND

N-TYPE Hgj_xCdxTe FILMS ON GaAs(100) SUBSTRATE

The growth of p-type and n-type layers have been successfully achieved on

two-inch GaAs(100) substrates. Their surfaces were shiny and mirror-like from

center to edge. Their thicknesses were uniform within 0.6%. Their Cd concentrations

(x) were very uniform, exhibiting standard deviations Ax/x as low as 0.7%. These

films were completely uniform in their conduction types, that is, the n-type films

were entirely n-type, and likewise for the p-type films. The Hall mobilities of

these films show them to be of high quality, with values as high as 6.7x)10 2 cm 2 -

Is-' for p-type (x=0.22), and 1.8xj0'cm2 v-1s - ' for the n-type films (x=0.21).

These results represent an important achievement towards the future of infrared

detector technology. For more details see the attached paper. In summary

composition uniformity on a 2-inch wafer matches the requirements in terms of
wavelength cutoff dispersion for an IR detector.

ATTACHED PAPER:

1. "Molecular beam epitaxlal growth and characterization of two-inch diameter

HglxCdxTe films on GaAs(100) substrates.*
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Hg, - .Cd 2 Te films with 2 in. diameters have been grown by molecular beam epitaxy on

GaAs (100) substrates. These films were grown in both the (100) and ( 1-1-)B
crystallographic orientations and in both conduction types. They were characterized by in situ
electron diffraction, infrared absorption, and van der Pauw dc Hall measurements. Their
surfaces were shiny and mirrorlike from center to edge. The Cd concentrations (x) of these
films were very uniform, exhibiting standard deviations (Ax) as low as 0.7% of the mean (2).
Their thicknesses also were uniform within 0.6%. These films were completely uniform in
their conduction types; that is, the n-type films were entirely n type, and likewise for the p-type
films. The Hall mobilities of these films show them to be of high quality, with values as high as
6.7 x 102 cm 2 V-' s for the p-type (x = 0.22) and 1.x8 x 05 cm2 V- I s-' for the n-type films
(x = 0.21). These results represent an important achievement toward the future of infrared
detector technology.

Hg, -,Cd 2 Te is the most important material for in- MBE, these spatial flux variations will also have an effect on
frared detectors and imaging arrays, and has promise for the electrical properties of the layers.
applications in fiber-optic telecommunication systems. This Above all however, there is the problem due to the expo-
is primarily due to the fact that the band gap for nential change of the Hg condensation coefficient with tem-
HgI - ,CdTe is a function of the Cd concentration (x) as perature. We have shown that for a given Hg flux, a high-
well as the ambient temperature (7'). There are two main quality monocrystalline Hg, - 5 CdTe film can be grown in
windows in the atmosphere of the earth with wavelengths in the ( 11-1) B orientation within a narrow substrate tempera-
the 3-5/gm and 8- 14 m regions, while fiber-optic telecom- ture range ( T.- T.. ) of about 10-1 5 "C when the sub-
munication systems currently operate in the 1.3-1.6 pm strate temperature (T,) is in the 180-190"C temperature
range. Controlof thex value during growth of Hg, -,Cd.Te range.2 When T, is below T,. the excess Hg desorbs, but
tailors the band gap to fall into the energy ranges for all these twins, which are detrimental for electrical performance. are
wavelength regions. observed. When T, is above T... two possibilities exist. ( I)

As the molecular beam epitaxial (MBE) growth tech- If T, is below 190 "C the excess Te leads to a polycrystalline
nique has continued to improve for Hg, - 2Cd2 Te epilayers, material. (2) If T, is above 195 °C the excess Te is reevapor-
the prospects for films of larger area have begun to be ex- ated and the film still grows monocrystalline, but an increase
plored. These larger area films are important for imaging in the x value of 1.5-2% for each 1 *C increase in the sub-
arrays and will be especially vital in the future for the efli- strate temperature is observed, along with a large change in
cient production of Hg, - ,CdTe material. The growth by the growth rate.3

MBE of a uniform HgI - ,Cd, Te film on a large substrate is It is important to recall that a change in x of only
very difficult to achieve because of the nonuniform distribu- &x = ± 0.001 is the goal to reach for infrared detection de-
tion of the fluxes and nonuniform temperature of the sub- vices operating at a cutoff wavelength of 10m at 77 K. It is
strate. The cosine distribution of the fluxes is usually en- obvious that such a requirement cannot be achieved if part of
countered in the MBE growth of III-V compounds. and its the substrate temperature is above T,.. Now if the sub-
consequences are ( I ) thickness variation over the wafer. (2) strate temperature is between T.. and T., (incidentally
change in composition for an alloy with more than two ele- the T, and T, values are changing over the substrate
ments, and (3) change in the doping level when an electrical- since the Hg flux distribution is not constant) the epilayers
ly active impurity is evaporated at the same time (the doping will still experience a change in the doping level and even in
in Ill-V compounds is not controlled by stoichiometry devi. the conduction type.
ation). In the case of Hg, -, Cd, Te a simple cosine distribu- To minimize these temperature variations the substrate
tion is expected for the Cd and Te fluxes, but due to the high must be rotated during the growth, but this also hinders the
effusion rate required for Hg the expected Hg flux distribu- precise temperature measurement of the substrate by a ther-
tion has the behavior of cos"' 9, where 9 is measured from mocouple. In order to have adequate control of the tempera-
the axis of the Hg effusion cell'. Therefore, with this more ture during the growth, the use of an infrared pyrometer,
forward directional Hg flux the nonuniformity in thickness which can give reproducible results, has been employed.
and composition currently observed in the growth by MBE The combination of flux distribution and substrate tem-
of semiconducting alloys should be worse in the case of perature variation makes the growth by MBE of large high-
Hg, -, Cd, Te. In addition to that, since the conduction type quality uniform Hg, - ,CdTe films a real challenge.' For
and the carrier concentration can be controlled by stoichi- the first time we report here 2-in.-diam Hg, - .Cd, Te films,
ometry deviation during the growth of Hg, Cd, Te by both p-type and n-type, grown by ME, which exhibit uni-
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form x values and high mobilities. '

The 2-in.-diam Hgl - ,CdTe films were grown in the
ultrahigh vacuum of a Riber 2300 MBE machine modified to 0.22t6.72

handle Hg. In this machine the substrate is situated to face / 0.21 i6.84
an array of effusion cells containing CdTe, Te, and Hg. The , 0 1 % 1.-, N ,

temperatures of these cells and the substrate are precisely M 9
°  

-O O.
controlled to achieve proper growth conditions. The sample , /

0.219 t 6.$5

manipulator is designed to allow for rotation of the sample in 10.220 1 .3
the plane of its surface. This feature was exploited for the
growth of the 2-in.-diam Hg, _ Cd.Te films to achieve 0.22j 6.72

higher uniformity. .4 6.

The substrates used for growing these 2-in.-diam films i - 6., Om

were high-quality prepolished GaAs (100) wafers. The - 0.22 k- 6.79 im

chemical and in situ cleaning procedures used for these were A .. - 0.001s &A- 0.05 ),m

the same as those discussed elsewhere2 for the preparation of
GaAs surfaces. Prior to growing the Hg, - ,,Cd.Te films, .0.7%

buffer layers of CdTe were grown on the GaAs substrates. FIG. 2. Infrared transmission measurements at 300 K for 2-in. -diam

There is a 14.6% lattice mismatch between GaAs and Hg, ,CdTe (111) film grown at 190 C on a CdTe (Ill ! GaAs 100)
substrate. Sample No. 583453. A, = cutoff wa~elength- x = Cd concentra-

Hgj _,Cd, Te. Therefore. to avoid a high dislocation density lion: e = thickness of Hg, - ,Cd,Te film.

in the Hg, - ,CdTe films, the CdTe buffer layers are grown
to a thickness of roughly 2.5 um. As has been previously Pauw dc Hall measurements wei performed at several posi-
reported,5 6 these CdTe buffer layers may be grown in either tions. The infrared transmission spectra were measured at
.the (100) or the ( 11l) B crystallographic orientation. room temperature. The cutoff wavelengths were in the 6-8

Several 2-in.-diam Hg, - ,Cd,Te films of each conduc- /im region. The cutoff wavelength is defined as that for
tion type were grown in both the (100) and the (1I1I1)8 which the absorption coefficient is a - - In (transmit-

orientations. In an earlier article7 it was shown that the mini- tance)/thickness. From the measured cutoff wavelengths

mum Hg flux required for successful growth differs for these for each position on the 2-in.-diam Hg, -, Cd, Te films, the

two orientations. Growth in the (100) orientation requires a Cd concentrations (x) were calculated using the relation of

higher flux than that in the ( 11-)B orientation. The Hg flux Hansen et al. Also, from the interference spacing in the

in combination with the substrate temperature used for the infrared transmission spectra the thickness at each position

growth of Hg, - , CdTT determines the crystal stoichiome- on these films was determined.
tryodevathon. riand te s the criontysT st raoe- For thep-type film reported here the uniformity of the x
try deviation, and thus the conduction type. The substrate value proved to be excellent, as illustrated in Fig. 2. The
temperatures chosen for the growth of the films reported average value of x (denoted by R) was 0.22. while the stan-
here were 190 C for the p-type and 185 C for the n-type dard deviation {Ax= I (x - .R):/n - II' } was 0 0015.
film. and the Hg flux used for the n-type film was higher than ving as a measure of the composition uniformty
that used for the p-type film. We report here the data from i a s a of the oreit ed

x = 0.7%. This is an excellent result since the goal required
one representative film of each conduction type. - for infrared detectors in terms of composition uniformity is

Thep-type film reported here was grown in the ( I11 )B
orientation, while the orientation for the reported n-type , a

film was (100). The films exhibited uniform mirrorlike sur-
faces, as illustrated by the photograph in Fig. 1. In order to 0.210 740 616

ascertain the uniformity of each Hg, - £ CdTe film over its 0.2103 72 6.17

2-in.-diam surface area, infrared transmission and van der .2 i &20

0.213 17 6.22

3 213 '20 620

0210 737 6.20

3.207 7 58 6.16

*.0.205 ' 70 6.i04

• 0.21 G Z1um d • '.6 .,

_%, . A 0. It m Ae -0.04 r
0.0030. - * ,, w ur • soo

" 0.ll1l101~ tII II I1Ik IU I0~I ltll .

2'%4% " 2" %

FIG. 3. Infrared transmission measurements at 300 K for "n dJim
Hg, - ,Cd,Te ( 1001 film grown at 135 'C on a CdTe k 100, 1. saA,'.,k

FIG. I. Two-in. Hg, _,Cd,Te flm. grown by MBE on a CdTe/GaAs sub- substrae. Sample No. 750576. A, = cutoff wavelength. x = Cd oncentra-

strate, tion; e - thickness of HS, - ,Cd, Te film.
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TABLE I Hasil mneasur!ernns it 3 = r) f'Tor 2-in.-diam Hz Cd: T, i 5m zrown it 190 'C in CJTe 11 . GaAs :rX0: amrV

5~~34ii a t the c:enter of the iample.

300 K T(K) 40 K
X Y Cond. _V4 - N. PH when Cond. N.- IVA
(mii. mmi type (cm ') (cm-,V S' RH=O0 type (cm -) (mV

0 0 'a2.1 x 10"' 0.4x W0 90 p 3.6x 1015 5. 10 '
4 0 2.0O< 10"6 5.ox 10' 90 p 3.0)< 10'5 5.2.< 10-'
'7 0 'i2.1 x 10"' 6.3 x, 10' 90o p 4.7x 10O" 5.5 X 10:

II 4 n 1.9)(1016 6.2 >:103' 90 p 5.1 X loll 5.7 K 10-
15 o it 1.9 X 10" 6.8 x 10' 90 p 5.6x 10" 6.5., 102'
18 0 n 1.8X 10"' 6.8 x 10' 90 p 7.2X 10", 6.2,.< 10-'
0 7 ?1 1.9(10", 6.6x 103 90 p 4.9x 10"5 6.0,< 102
0 15 n1,8 <101, 6.8 x103 90 p 6.Ix 101 6.7 xI 0-

TABLE [I. H-all measurements at 8 = 0.2 T for 2-in.-diam Hg, - ,Cd,Te (100) film grown at 185 *C on CdTe (100)/GaAs (100) substrate. Sample No.
750576. xr 0. y = 0 is at the center of the sample.

300 K 23 K
XCond. *Vd -. X P Cond. Nd -.

(mm)i (mm) type (cm 3) (cm-1V Is - ) type (cm -') (cm-v S

0 0 'a 3.6 x 10"' 1.2,x 10' rt 4.2 X 10" 1.3,< 103
1I 0 na 4.OX 10"' 1.0X 104 'a 4.01< 10" 1.3 x 10'
1I 3 'a 4.5 x101" 1.1"'(10, na 4.2x 10" 1.5 X 1W'
0 6 'a3.9,<101" 1.1Ix 10, 'a 4.2X 10'5 1.X 10W
0 1) ' 4.0X 10"' C9.Io n0 4.2 X 10" 1.3 X1W'
0 13 'a 6.2x 101" 11. 2x 10' na 4.4 X 10" 1.3 x 10'
01 20 J1 6.3< 10"'t 1. 1 <l01 n 4.3 x 10" 1.8 X lo

almost achieved on 2-in.-diam Hg, - Cd,,Te films. For the .'Lx =±0.005 for a 1 X 2 cm2 CdTeSe substrate"). This
reported n-type film the uniformity of x was almost as good achievement represents a major step toward the future of
with Ix/.i =1.4%, as shown in Fig. 3. For this n-type film infrared detector technology which demands ever greater
the thickness (e) was very uniform with le/-e = 0.6%. uniformity over ever larger surface areas. We have demon.

Each 2-in.-diam Hg1 - rCdTe film also showed corn- strated here that MBE is a prominent growth technique
plete uniformity over its Surface in the conduction type ex- which can fulfill this requirement. Further improv.ements in
hibited. That is. p-type films 'were entirely p type, and n-type the temperature uniformity of the sample, along %4ith in-
films were entirely n type. The carrier concentrations creased uniformity of the Hg flux on the sample. are expect -
(.V - Nd or .V, - N, ) and the Hall mobilities (PUH)' how- ed to produce Hg, - CdTe films of even better uniformity
ever, showed some variation as may be seen in Tables I and on larger surface areas.
11. It should be pointed out that both the electron and the The authors would like to thank P. S. Wijewarnasun~ a
hole mobilities are high for this cadmium concentration and for performing the Hall measurements and the Defense --
attest to the high quality of the material grown here. The vanced Research Projects Agency for its financial uppory
carrier concentrations are also in a range suitable for photo- under contract F49620-87-C-0021. monitored by !he k.ir
voltaic devices. Force Office for Scientific Research.

For both the p-type and n-type films reported here, non-
uniformities in the carrier concentrations or the x values 'S. C. Jackson. B. N. Baron, R. E. Rocheleau. and T. W F R u~wi .3
indicate variations in the sample temperature and Hg flux Sci. Technol. A .3. 1916 (1985).
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have not been considered here, such as the role of the crystal- and P.S. Wijewarnasunya.J. Vac. Sci. Technol. B4. 59! -."
lographic orientation, could also contribute to the structural 'S. Sivananthan. M. D. Lange. X. Chu. and J. P. Faune. J ic ~at-
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and electrical parameters observed. In order to grow R. F. C. Farrow. J. Vac. Sci. Technol. AS3. 60 (198 5).
Hg, , Cd, Te epilayerson even larger substrates. more uni- 'N, Qisuka. L. A. Kolodziejski. R. L. Gunshor. S. Datta. R A4,

form sample temperatures (which ideally must be constant And J. F. Schetzma. Proceedings of the Materis Research S.% wi "
wihnI'C) and a more uniform Hg flux are required. ing. Boston. Nov. 1984.
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III DOPING

i11-1 DOPING BY STOICHIOMETRY DEVIATION

It is well established that Hgl.xCdxTe should be written (HglxCd)yTel.y to

take into account the stoichiometry deviation. The maximum concentration of

electrically active centers due to stoichiometry deviation Sy is about 10- 5 . This

means that doping level up to 1017 cm- 3 can be reached by acting on the stoichiometry.

A metal-rich material (or Te-deficlent) will exhibit a n-type conduction whereas a

metal-deficient (or Te-rich) will show a p-type conduction, if there is no other

electrically active impurity or defect.

In early MBE experiments it has been shown that the conduction type of (111)B

HgCdTe layer could be controlled, within a certain limit and for a narrow range

in composition (0.20-0.25), during the growth process Itself. N-type to p-type

conversion was achieved either by lowering the Hg flux or by raising the substrate

temperature. The observation was consistent with the Hg vacancy model. However,

the work carried out In the MPLab these last years has shown that into account

the influence of the crystallographic orientation, the evidence of an electrical activity

associated with the twins and the presence of antisite Te atoms, the doping
problem Is much more complex than that.

One of the major discoveries of the laboratory is related to the role of the

crystallographic orientation during the growth by MBE. In a first step we have

observed that the sticking coefficient for Hg, cd and Te changes with the crystal-

lographic orientation. In the case of mercury the effect Is quite dramatic since a

(111)A face requires almost 10 times more mercury than a (111)B face at 1900C.

These results have been confirmed since then and the summary Is presented In the

following table:

Substrate orientation (211)B (111)B (100) (111)A

Hg flux (arbitrary

units) 1 1.25 5.5 11.25

TABLE: Minimum amount of Hg (in arbitrary units) needed to
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maintain the monocrystalline growth of HgCdTe

These results are of fundamental importance since a classical thermodynamic

approach using the mass action law and neglecting surface kinetics cannot describe

the MBE growth of HgCdTe. In addition, it is obvious that such a difference in

the sticking coefficient has an Incidence on the Hg vacancy formation I.e. on the

intrinsic and extrinsic doping of HgCdTe and very likely also on CdTe and other

wide gap materials, since Cd and Te sticking coefficients are also orientation

dependent. We found that (111)B HgCdTe layers are usually p-type whereas (100)

films are n-type. It is the opposite of what is expected since Hg vacancies

should be more easily formed in the (100) orientation than in (111)B because the

sticking coefficient for mercury Is lower. To explain this, the hypothesis of Te

antisite formation in (100) orientation has been proposed. In this hypothesis Te

is acting as a donor which could explain the n-type character of the material.(1)

SIMS measurements cannot explain the donor character in HgCdTe MBE grown layer.

In addition with the elimination of the twins in the (111)8 orientation a residual

n-type character does now appear, such as in the (100) orientation. In (211)8 n-

type layers are often grown but it seems that p-type layers with a high residual

n-type character can be grown at high temperature i.e. when Hg vacancies can

dominate the transport properties.

Isothermal annealings have been performed on many layers (111)B layers and on

some (100) and (211)B layers. The residual n-type doping in (111)B has been

found to be in the 5x10 15 - 2x10 16cm - 3 range which does confirm the Hall data

analysis (see enclosed papers) The results obtained In (100) are unclear, more

work is needed.

In the (211)B direction the residual n-type doping has been found ranging from

2x10 15 - 1x10 1 6 cm- 3 range. Unfortunately these films have different compositions

and different growth parameters have been used therefore It has not been possible

to determine yet, a clear relationship between Hg flux and residual doping.

The MPLab has devoted a great deal of time to understand and to control the

Intrinsic doping. Even though all the complex relationships between growth

parameters and Intrinsic doping are not fully understood appreciable progress has

been made. It Is now very likely that the residual donor doping level in MBE

layers is due to the tellurium In antisite. This very Important Information has

been proposed for the first time by the MPLab.
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The electrical properties of the mercury cadmium telluride semiconductor material grown by the
molecular-beam epitaxy are reviewed. The doping effects linked to the growth conditions, as well
as the influence of indium or lithium incorporation are discussed. The results on doping by silicon,
arsenic, and antimony are presented. It will be shown that all the impurities studied interact
primarily with the metal site. It will confirm that the growth occurs under very rich tellurium
conditions.

I. INTRODUCTION temperatures. Within these limits, when the Hg flux is de-
creased, or T, is increased, the layers tend to become p type.

The growth of mercury cadmium telluride (MCT) by the These effects are consistent with a low Hg sticking coeffi-

molecular-beam epitaxy (MBE) technique has become the cient highly dependent on temperature and the known elec-

subject of an important research effort recently. This flexible trical properties of Hg vacancies in MCT. Further decrease

technique can be monitored during the growth by high-ener- in Hg flux or increase in T, will create rings on the HEED

gy electron diffraction (HEED). The substrate temperature screen. This is attributed to tellurium precipitation. For the

is low ( 190 C), and control along the growth axis can be in ( 11) orientation, an excessive increase of the Hg pressure

the order of atomic scale distances. The epitaxy of this ir- or decrease of T, will induce twin dots along the diffraction

portant infrared material on cadmium telluride by MBE was lines of the HEED. This was shown to degrade the electric

first reported in 1981.' Since then very important improve- properties of the film.' These defects may be related to anti-

ments in the growth control and understanding have been phase domains occurring along the growth direction and

made.' The as-grown majority carrier and crystallographic very often lead to n-type conduction. Such material behaves

properties of the best MBE materials are comparable to the abnormally after postgrowth isothermal annealing.' How-

ones made by the other techniques using ptannealing pr- ever, we should point out that, because of Hg overpressure,

cedures. MCT epitaxial layers highly uniform in carrier con- the same electrical type is obtained before the defects are

centration and cadmium composition were recently ob- visible. It has also been shown that the minimum necessary

tained on 2-in. GaAs substrates. 3  Hg flux to maintain monocrystalline growth was an order of

The control and understanding of the doping properties of magnitude higher for the ( I ll )A face than for the ( I I ) B

this new material as grown is obviously of primordial impor- face The (100) orientation was found to be an intermediate

tance for in situ junction formation which has already been case. As we will see later, the electrical properties of the

demonstrated.4 To our knowledge, no direct studies of deep layers made with the (100) and ( 11 )B orientations are also

levels or minority carriers have been reported yet. We will very different. This proves that the intrinsic properties of the

review the few doping studies made by majority carrier mea- material are directly linked to the growth mechanisms.

surements and present the latest results on the work made i The growth along the (100) orientation leads to n-type

our laboratory. material when the Cd composition is < 0.35. p-type material
was only reported for substrate temperatures exceeding

II. DOPING BY STOICHIOMETRY DEVIATION 200 "C.' The range of suitable Hg fluxes is wider than for
DURING GROWTH the ( 11 I) orientation since no twinning is observed. The

Residual intrinsic doping by stoichiometry deviation is growth along this direction can produce high-quality n. orp-

unavoidable in I-VI materials. It should be controlled dur- type material. The Hall data on n-type layers show a fully
ing growth before any attempt of low-level in situ extrinsic ionized behavior with quasilocal resonant states merged in-
doping is made. This technological challenge has to be faced side the conduction band. The intrinsic region of the curves

even if stoichiometric doping alone is not in general recom matches perfectly the expected variation of the intrinsic car-

mended for device application due to stability consider- rier concentration versus temperature.' The doping level

ations. It also frequently generates deep recombination does not exceed the low-lO1 range. We should also mention
centers. A few degrees change in substrate or mercury cell that faceting duning growth in the (100) direction resulting
temperature can switch the electrical type of the material in pyramidal voids has been'reported recently.' We did ob-
being grown. If the drift is sufficiently large, the annealing serve the same effect in some cases. Whether these defects
properties of the layer will be unpredictable. are a serious limitation for this orientation, or are predomi-

The best compromise between the growth requirements of nantly linked to the growth control is still opened to debate.
HgTe and CdTe sets the substrate temperature (T,) Even though more difficult to achieve than on (100). the

between 185 and 195 "C.2 For fixed growth rates and cad- growth along the (I I I )B face (Te face) has been studied
mium compositions, high-quality epitaxy can only be most. This is mainly due to the lower Hg pressure require-
achieved within narrow ranges of Hg pressures and substrate ments, which were a serious concern in the early MCT M BE
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systems. This orientation will probably remain the most im- combination substrates. "s The doping level was increasing
portant one for future industrial applications since the price with the In effusion cell temperature. The maximum level
of high-purity mercury will have to be included in the oper- obtained reached 2 x 10"s cm- , which is two orders of mag-
ating cost. In addition to the effects of T, and the Hg flux nitude more than what stoichiometry deviation can achieve
previously mentioned, an increase in cadmium composition on the same orientation. Secondary ion mass spectrometry
tends to produce p-type material. io Good layers can only be (SIMS), calibrated with implanted reference samples. was
grown p type for Cd compositions x more than 0.3, and n used to evaluate the impurity atomic concentration. The ap-
type for x < 0.2.' The doping level for p-type material can parent doping efficiency (defined as the ratio of the carrier
reach the mid- l0'7 cm - range. Analysis of the Hall data concentration measured at low temperatures by the Hall
with a model including nonparabolicity effects and assum- technique divided by the In atomic concentration measured
ing a single doping level showed good agreement between the by SIMS), reached 70% for a doping level close to I x 10"
carrier concentrations calculated and measured in the in- cm-'. This quantity obviously includes the intrinsic com-
trinsic and transition regions, for a Cd composition very pensating acceptors. More recently we did measure apparent
close to the one measured. The donor compensation was doping efficiencies close to 100% for doping level in the
estimated to be in the low- 101 cm-' range for these particu- high-10 " cm-' range. The set of samples used for this study
lar samples. The shallow doping level was separated from had Cd compositions varying from 0.2 to 0.31 and were
the valence-band edge by not more than 8 meV for grown to produce native p-type material if In had not been
x < = 0.38. The level merges into the valence band to form introduced. Uncertainties apparent in the experimental rela-
resonant states for Na-Nd > 10" cm -. More recently the tion between the doping efficiency and the doping level were
best Hall mobilities reached consistently 1100 cm2 /V s with- then anticipated. Absolute concentration measurements are
out two-dimensional effects due to HgTe interfaces. " Excess also known to be difficult to achieve by the SIMS technique.
carrier lifetimes measured on several samples with x > 0.3 Nevertheless, a clear trend was detected, with a maximum
reached 800 ns. Nearly Auger limited operation down to around 10"l cm - 3 and a sharp falloff below this value. We
liquid-nitrogen temperature was also seen in some of these concluded that the In incorporation mechanism was not a
samples.' 2 High-performance photovoltaic detectors made steep function of the Cd composition in this narrow-band-
without annealing by ion implantation have recently been gap range. The experimental observation could be success-
demonstrated on such materials.' 3  fully modeled assuming that a fraction of the In atoms was

High-mobility n-type layers can also be achieved by in- singly ionized, while the rest was precipitating in the crystal

trinsic doping, but the concentration never exceeds the low- to form In2Te3. A fixed 3 x 10"7 cm- 3 acceptor compensa-

10" range. When x is < 0.2, the carrier concentration can be" tion was also assumed for this set of samples. These results

higher than the intrinsic value expected at room tempera- are in agreement with a previous study of In doping by difu-

ture, and can decrease more slowly with temperature. Such a sion in bulk material."1 The electrical efficiency reported

behavior cannot be fitted by a two-band model with a single here is higher probably because of the lower MBE growth

impurity level, and might be related to impurity bands oc. temperature minimizing the In 2Te3 precipitation. The pres-

curring inside the band gap. If the n-type character would be ence of this constituent in the crystal should actually not be

linked to a native point defect, its doping concentration considered as a defect since In 2Te3 has been shown to form a

should not be limited to the low-10 6 range. Further investi- solid solution with HgTe preserving its sphaiente structure

gation is needed in this case. for a composition range of 0 to 0.2."' The fact that the con-

The different Hg pressure requirements for the (111)B pensation could be assumed constant means that the interac-

and ( I ll )A faces were previously interpreted as a screening tion between In and the Hg vacancies could be neglected.

effect of the Te surface front limiting the mercury (and cad- The SIMS profiling of the doped layers showed In transt-

mium) reevaporation during the growth along the (I1 )B tions at the buffer interface as sharp as the Cd and Hg on

orientation.' Wethink that Te is also responsible for the very layers as thick as 5pjm, equivalent to 3-h growth tume We

different doping properties between (100) and ( 111 )B ma. conclude that the In diffision was less than the resoluon of

terials. The p-type character for the (111) orientation is the instrument, i.e., 2000 . The electron mobthou ob-
probably mainly controlled by egcem To dissolved in the tained looked promising in view of the Cd compoto- and

layers, either interstitial or at the antiphase boundaries when doping levels involved. Unlike stoichiometry devimon dop-

they are detected on the low Hg flux side. We suggest that dng a high Cd composition layer with x =0.55 could be
the n-type character for the (100) orientation is due to sub- doe in the lO ts cm- 3 range.
stitutional Te on the metal site. "' This is consistent with the We discovered that when several In doped layerae
fact that a substrate temperature in excess of 200 *C is neces. grown, the subsequent unintentioally doped M E taten-sary to produce (100) p-type material since Toe reevapora- als produced are n type. SIMS measurements showed thai In
tion then becomes subtantial, was still present in the crystals. This is obviously & %e" ,wn-

ous limitation for device application, but since it seems to be

111. INDIUM DOPI~ a technological growth related problem, rather than a funda-
mental physical one, this effect should be investigated

Indium was found to behave as an n-type dopant when further. We think that the unique properties of In doping
evaporated during growth on (Il I)CdTe//( 100)GaAs during MIE growth will deserve such an additional effort.
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IV. LITHIUM DOPING type before.2" A fully ionized behavior with a carner concen-
Li is a column I element and was considered first as a tration independent of temperature was seen. even in the

prospective p-type dopant for the (100) orientation, since tOl cm 3 range. But an important ion scattering linked to
this electrical type is difficult to achieve by stoichiometry acceptor compensation was obvious in this case. The SIMS
control. Hole conduction was indeed observed.'" The doping profilings resolved < 1000 A doping transitions on layers 3
level increased monotonically with the Li effusion cell tern- ym thick. This element was successfully used to produce the
perature and could reach as much as 8 X 10"a cm- 3. Since a first in situ homojunction.4 It was suspected in this study
calibrated sample implanted with Li was not available, the that the doping close to the junction interface was not uni-
amount of Li incorporated in the layers was estimated from form.
the effusion cell temperature and the growth rate, assuming The column V elements arsenic and antimony act as n-
a sticking coefficient equal to unity. Since very good agree- type dopants in MCT when they are incorporated during the
ment was obtained with the doping levels measured by Hall MBE process. The doping concentration remains in the low-
above 5 X 10"7 cm -, we can conclude that nearly all the Li is 10' 6 cm - range or lower. The effect is obvious for Cd com-
incorporated and is electrically active. The impurity is singly positions > 0.3, since the native material would be p type. It
ionized and no evidence of precipitation is detected. The evi- is also true for low-x material, since the carrier concentra-ionizedrandino evidenceeof precipitrtioneisndetected.iTheceve-
dence of a compensating donor becomes clear for Li concen- tion remains independent of temperature in the extrinsic re-
trations in the low-1011 cm - 3 range. Hole freezeout from a gion of the Hall curves. After isothermal annealing at tern-
shallow acceptor level was only seen once for a doping level peratures between 200 and 250 "C the samples remained n
of 10 6 cm - 3. For doping levels above 4 X 10 6 cm - , the type showing that the doping mechanism during growth was
acceptors are completely ionized (fiat curve after the transi- stable. This experiment was undertaken since As has been
tion region). Above 2 x 10" cm- 3 , the carrier concentration shown to be ap-type dopant by diffusion ' We conclude that

these impurities interact preferentially with the metal site.begins again to decrease slightly with temperature along athe dop-
curved shape, showing the onset of a degenerate quasimetal- We on rink that they He eatsin ent s
lic behavior. The hole mobilities measured are all in the 300-- ing concentrations remain low, and the Hall measurements400 m2/ s ang at ow empratres.Simle mpuity show evidence of a strong impurity scattering limiting the40 0 cm /V s ran ge at low tem pe ra tu res . S im p le im p urity m b l t tl w t m e st r . A s n c w s p e i u l o nscattering calculations similar to the ones used by Ref. 19 mobility at low temperature. Arsenic was previously found
were made. They agree reasonably weil with the measured to be amphoteric when incorporated during liquid phase epi-taxial growth of MCT from Te rich solutions.2 Illuminationvalues for the high doping levels in the 10" cm - 3 range or of the substrate during MBE MCT growth by ultraviolet
higher when, the lattice mobility (mobility without lithium)
is assumed to be 500 cm/V s, and the Li is singly ionized. light or a green Nd:Yag laser pulsed at r0-kHz repetationTherate did not increase substantially the carrier concentrationas ap-type dopant during the growth along the ( I )B face, and left the material n type. The details of this study will be

even for cadmium compositions < 0.16 where intrinsic dop- published elsewhere.

ing alone would produce n-type material. Thus Li appears to
be a very efficient p-type dopant probably substituting with VI. DISCUSSION AND CONCLUSION
the metal site in the crystal. Unfortunately, we discovered by
SIMS profiling that it diffuses uniformly in unintentionally We showed that all the extrinsic impurities studied inter.
doped layers grown under or above Li doped regions. 1so- act primarily with the metal site. Indium, a column III ele-
thermal annealings also demonstrated that Li can diffuse out ment, mostly substitutes to dope n type. The rest of it bonds
of the crystals since they became n type. We also noticed that isoelectrically with Te. Lithium, a column I element substi-
when the layers with low Li doping levels are stored at room tutes the same atoms to dope the material p type. Silver is
temperature, their electrical properties can evolve slowly also found to dope the materialp type.22 The other elements
with time. Because of its small atomic mass and radius, the investigated from columns IV (Si) and V (As. Sb) have a
Li atom is highly mobile in the MCI material more complex amphoteric or self-compensating behavior,

but still dope the material n type. We see a clear degradation
of the doping quality when going from group III to group V.V. DOPING WITH OTHER ELEMENTS For the ( I l )A face the growth could be schematically

The doping properties of silicon during the (111)B represented by a Te saturated surface front evolving under a
growth were also investigated. It was found to produce n- very high local pressure of Hg. This medium is acting as a
type material. The highest level obtained reached 1.7 X 10"7 screen between the vacuum and the underlying growing
cm - for an effuion cell temperature of 1000 C. We did not crystal. The presence of impinging Cd atoms condensating
observe a systematic memory effect like in the indium case, on the surface might decrease the probability of incorpora-
but the reproducibility of the dopng levels was more diffi- tion of the weakly attracted heavy Hg atoms. Some e~ces% Te
cult to achieve. This might be due to the lower levels investi- atoms will be incorporated. No chalcogenide site could be
gated or to a more intimate interaction between Si and the available for impurity substitution since they are all satu-
native growth conditions due to its potential amphoterous rated by Te, and it would disrupt the growth itself in the
character demonstrated in the III-V materials. We should (I1 )B orientatioa. In the (100) cue, some Te atoms 9ill
mention that Si was reported to dope the MCT material n substitute on the metal site to create n-type material.
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Electrical properties of intrinsicp-type shallow levels in HgCdTe grown
by molecular-beam epitaxy in the (111)B orientation
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The electrical properties of the unintentionally doped p-type HgCdTe material as grown in the
( Ill )B orientation by molecular-beam epitaxy are revised. The analysis of the Hall coefficient in
the whole temperature range with a model based on the two-band nonparabolic Kane model, a
fully ionized compensating donor concentration, and two independent discrete acceptor levels is
presented. The donor compensation is found to be much lower than before, in agreement with the
latest study of extrinsic doping by indium. A defect level with an energy of 30 to 50 meV is found
necessary to explain properly some of the crystals' data. The results of a three-carrier band
modeling of the Hall constant versus field are also presented for one sample and are in very good
agreement with the expected band structure of the material. These results show that important
improvements have been made recently in the control of stoichiometry during growth.

I. INTRODUCTION where the Hall bar design was selected. The magnetic field

Mercury cadmium telluride (MCT) material as grown is was varied from 0.2 to I T for the temperature-dependent

not suitable for infrared applications when grown by con- measurements, the lowest field being used for the data to be
ventional techniques. Like for other II-VI materials, the re- fitted theoretically. The field-dependent measurements cov-

sidual doping by native defects (intrinsic doping) is un- ered the range 0.01-1 T. The temperature was varied from

avoidable due to the large stoichiometry deviation range 300 K down to 20 K. The few unusual samples detected with

(delta y<10-5). The necessary electronic properties are doping inhomogeneities or surface inversion will not be con-

usually achieved through postgrowth annealing procedures. sidered.

However, high-quality as-grown MCT has been achieved by
the molecular-beam epitaxy (MBE) technique.' A direct III. RESULTS
study of the doping mechanisms in the as-grown material The model previously used to analyze the p-type MCT
can then be performed and correlated with the growth con- Hall data included the two-band nonparabolic Kane model.
ditions. Previous studies showed that the ( I I I )B MBE- a single acceptor level, a fully ionized compensating donor
MCT material is in general p-type in the usual growth ten- concentration, and a semiempirical approximation of the
perature range (180-200 C) except for low cadmium carrier mobility ratio at high temperature.' A heavy-hole
compositions (x) and high mercury conditions.' By investi- effective mass equal to 0.64 and a well-known empirical ap-
gating the effects of several extrinsic dopants it was conclud- proximation of the band gap versus cadmium composition
ed that the growth occurred under tellurium rich conditions and temperature' are also used in the calculation. It is well
in this temperature range.' We will present our latest results known that such a fitting technique is difficult to achieve. It
and compare them with the previously published studies for can only have physical significance if the quality of the fit is
MCT material grown by MBE as well as by other growth nearly perfect. if the uncertainty associated with the data
techniques using annealing. We will mainly concentrate on points is very small, and if the temperature range is wide
the analysis of ( I I I)B unintentionally doped p-type materi- enough. The influence of the compensation density alone.
al for Cd compositions between 0.2 and 0.3, as grown, and for example, with every other parameter being kept opti-
measured by the Hall technique mized, is to barely change the curvature of the freeze-out

II. EXPERIMENTAL region. It also affects the shape of the curve just after the
transition region, especially at high x, and the precision of

The technique used to grow the samples has been pre. the doping level determination. Nevertheless with the pre-
viously described.' The sample temperature was precisely vious model the study of thesamples grown on CdTe III ) /
controlled within the range 190-200 "C for thep-type layers4 GaAs(100) showed that while the doping level was in the
Most of them were grown on CdTe substrates with 10" cm- 3 range, a high compensating donor concentration
2000-A CdTe buffer layers. Some of the samples were was necessary to achieve a very good fitting of the expert-
grown CdTe(III)B/GaAs(I00), CdZnTe(lii), or mentaldata.
CdSnTe( I ll) substrates. In the following course of this pa- Since then several hundred layers have been grown in our
per, we will point out the nature of the substrate if it is differ- laboratory. Doping levels in the 10"3 cm- 3 range have been
ent from CdTe(! Il )B. The classical Hall measurement achieved. A careful analysis with the same model including
technique systematically performed on all the crystals has only one acceptor level distinguished two groups of samples.
also been previously described' and uses the Van der Pauw The first group could be fitted with compensation levels in
geometry except for the field-dependent measurements thelow 101icm-'range (Fig. 1).We should emphasize this
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FIG. 1. Experimental (0) and theoretical (-) curves of the carrier concen- FIG. 2. Experimental (0) and theoretical (-) curves of the carrier concen-
tration vs reciprocal temperature deduced from the inverse of the Hall con- tration vs reciprocal temperature deduced from the inverse of the Hall con-
stant for sample 57 1. Parameters used in the ca'lculation: fully ionized donor stant for sample 612. Parameters used in the calculation: fully ionized donor
concentration (Nd) = 1.3 X 10"' cm -' , shallow acceptor concentration concentration (Nd) 5.6× XI016 cm- ., shallow acceptor concentration
(.Va ) = 3.8x 10'6 cm', acceptor energy level ( Ea l = 4.3 meV, and cad- ( Na, ) = 6.58 x 1016 cmI, shallow acceptor energy level ( Ea, 3.Y9 rneV,
mium composition (X) = 0.1"9. deep acceptor concentration (Na.) = 7. 14 10" cm -', deep acceptor ener-

0y level (Ea) = 50 meV, and cadmium composition (x) = 0.311

fact because it is probably related to important improve- tion between the deep and the shallow levels. The deep level
ments in the growth conditions since the previous study. The would remain in the same carrier concentration rangen and
second group either could not be fitted with any certainty, or would be hidden by high doping levels. We suspect that the
requied high compensation levels as before. We could no- two levels have different origins. At the present time we can-

tice that in this case the doping level was in general lower not relate them to physical defects with any certainty. For
than 2t 10io cm - . A small persistent disagreement also the MCT material grown by the conventional techniques, it

remained between the calculated curve and the data points is now generally accepted that the intrinsic p-type doping is
just after the transition region, when the Fermi level is still mainly created by mercury vacancies having two shallow
relatively deep in the band p. We thus added a second ionization states varying between 3 and 15 meV depending
independent acceptgr level in the model. An example of such on the doping level, the composition and the compensation
a calculation is shown in Fig. 2. The values of the extracted used." Sine in this study, the deep-level energy cannot be
parameters for several crystals are presented in Table . The < 30 meV without noticeable discrepancies between t he data
quantity x is a measure of the quality of the fit. We can see and the calculated values, we think that this energy level is
that the compensation level is in the W0cm - -' range for the specific to the MBE-MCT ( I I I ) B material.
other group of crystals. A concentration of deeper acceptrs The previous results are in agreement with our latest st udy
(30-50 meV) in the 10c l cm - e range is also requied i of extrinsic indium doping. Thanks to improvements in the
The factat the data are very well modeled in the whoFe stoichiometry cntrol of the growth, carrier concentraons

temperature domain including the transition region and in the low 10 ' cm- rangecannowbe obtained routmely for
with cadmium compositions consistently very close to their indium doped MCT with Cd ompositions x r 0 2-0.3 This
actual values measured by Fourier transform infrared trans- represents a major improvement compared to what was re-
mission measurem ts (FtIR),gives credit to the reliability ported before' and shows e th the memory effect lnked to
of thedeep level. So farit seems that there is n clea correla- this material can be greatly reduced. The indium electrical

TAE .Summary of ystals. A cocetfor t ofptype 0 11)3 layers studied.

Nd No, Ea, Na, Ea a.l/0,Sub No. (ci te )  (c"-m )  (mV) (Ci -as) (MeV) p 0K x oe(cm

C1 827 5.3 x1016 5.8 X1016 5.3 5.2X to,, 43 38 27.1 50-- 10
A e 71 1.3f d ae vr wl Mde 4.3 ... ... 31 19.9 8 c nct0

CT 612 5.6x 1016 6.6x 1010 3.9 "7.1 X t sO so 34 31.1 3 7 X 10"
CT 61 6.4x 106  8.2iX 1ld6 n.0 t.h tX rgna 48 38 32. n ute o

CT 523 2.9x 1016  6.0X I01* 3.0 ... ... 42 25.9 7 " - 10o-
CwTS 309 c .2x 10

6 o S X 10in 6.8 c.ls tthl 33 36 28.6 x - 10-
CZl" 605 S.IX 1016  6.6X xI016  3.4 4.3× xI011 40 41 24.4 5 0. 1 0
C1" 166 2.7 x 1016  8.3X 101* 1.5 ... ... 36 27.6 3 3, 10
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.................... shown in Fig. I as an example of fitting versus temperature.
1.0 77 The electron concentration is resolved down to the 10''

cm - range. We can clearly see the freeze-out ot the two hole
bands. When both the electrons and the heavy holes are re-
solved, the product of their concentrations is in good agree-
ment with the expected intrinsic carrier concentration.' The

os mobility ratio at 80 K between these two carriers (last elec-
- tron concentration resolved) is close to 140 which seems
+ reasonable for this composition. We conclude that gross de-C 0.47

fects like substantial concentration of metallic inclusions are
not present in the crystal.

02

IV. CONCLUSION
00 1016 tole We have described an improved Hall fitting technique

ATOM COoXcvel OF oN DM rrniu m- 31 which allows us to model nearly all of the well-behaved sam-

FIG. 3. Experimental (0) and theoretical (-) curves showing the relation p im h hl eprtr ag.I a sdt hwta
between the ratio of ionized to total indium concentrations and the tota iportant improvements in the growth control were made
indium, concentration. The experimental data were determined by calibra- recently. The intrinsic doping level can now be set in the 10"3
ted secondary ions mass spectrometry measurements and the theoretical cm- 3 range. The donor compensation level is in the low 1016
data used an acceptor compensation level in the 10'" range, the model being cm- rnge in agreement with the latest results on indiumn
the same as in Ref. 7. doping. A deep level with an energy of 30 to 50 meV is some-

times necessary to model the Hall data, particularly when
efficiency is now close to 100% even for doping levels in the the doping level is lower than 2 X l01 cm-3 . We think that it
10"' cm - range (Fig. 3). This fact is consistent with intrin- is probably specific to the MBE ( 11) )B material. The multi-
sic acceptor (or donor) ionized impurities concentrations in band transport analysis confirmed the expected band struc-
the low 10'6 cm range for the ( IlIl )B orientation. ture of the material with one electron and two holes. The

Some of thesep-type IMBE layers have been studied versus freeze-out of the two-hole bands could be detected and the
magnetic field assuming that the electronic transport occurs concentrations of electrons and heavy holes agreed with the
in three carrier bands. The technique models the variation of accepted intrinsic carrier concentrations.
the Hall constant versus magnetic field and is similar to Ref. These powerful tools will help us in the future to perform
8. An example of carrier concentrations calculated in each the needed correlations between the defect structure of the
band is shown in Fig. 4 for crystal 571 that was already MBE material and the growth conditions.

ACKNOWLEDGMENTS
1017 7-The work at the University of Illinois at Chicago is sup-

toe- ol ported by the U.S. Defense Advanced Research Protects
0 0 Agency and monitored by the U.S. Air Force Ofikeof Scien-

tific Research under Contract No. F 4920-87-C-0021I
1015 a

6 0OHeavy Hoe*i 11 - Ua fbiHol 'S. Sivananthan. M. D. Lange, G. Monfroy, and J. P. Faun. J vac Sat.
o a Olectrea Technol. 86. 789(1986).

101 - a M. floukterche. P. S. Wijewanaauriya. J. Reno, 1 K. Sou. sad I P Fawnsm
*J . Vac. Sci. Technol. A, 2072 (1986).

t02 et at,. J. Vac. Sdi. Technol. A 6, 2830 (1938).
'G. L. Hansen. J. L Schinit. and T. N. Casmehasis J. APP!. P" S '0114

lO~~ (1983).
VW. Scott. E L. Stelzer.and R. J. Har.J. Appi. Phys. 47.1401 960 10 20 30 40 50 E ikatadY eiosyJ.Ap ys$91019%1000/T(g) 'M. Boukerclie 3. Rojoo. 1. K. Sou, C. Hsu. and J. P. Faum Appi. M7%s

FiG. 4. Variation with reciprocal temperature of the carrer concentrations Lett. 40, 1733 (1986).
deduced from magnietic field analysis at eachi temperature assumning a three- "0. Fisher. Hely. Phys. Acts 33. 463 (1910).
band model. 90. L. Hansen andiJ. L.Scbmit, J. App. PbysSC, 163911"3)

J1. Vie. U& Technol. A. VoL 7, Me. 2, MIrApI iN



High-quality p-type HgCdTe grown by molecular beam epitaxy
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The galvanomagnetic transport in ( 11I) B HgCdTe p-type layers, grown by molecular beam
epitaxy, was studied as a function of temperature and magnetic field strength. Experimental
data on the Hall coefficient and conductivity tensor versus magnetic field have been analyzed
with the assumption of three charge carriers involved in the conduction mechanism: one
carrier coming from the conduction band and the other two from the complex nature of the
valence band. Indeed, two kinds of positive charge carriers with completely different mobilities
in the extrinsic region are seen. The extracted parameters are in very good agreement with the
intrinsic concentration over a wide temperature range.

I. INTRODUCTION necessary to explain the results.' 0 To the best of our know-

HgCdTe is currently the most important semiconductor ledge such an analysis has not yet been performed on MBE-

material for the IR detection technology. Different growth grown HgCdTe layers. In this paper we will analyze the Hall

techniques are used to produce HgCdTe, but the achieve- coefficient Rh and the conductivity tensor q., for MBE-

ment of high-quality material is still the object of intensive grown p-type HgCdTe epilayers to study the galvanomag-

efforts. Among other techniques, molecular beam epitaxy netic properties versus magnetic fields up to 1.0 T.

(MBE) is one of the most promising due to its versatility. 11 EXPERIMENT AND THEORY
Furthermore, the growth is carried out at a low temperature
which limits the interdiffusion process. HgCdTe was grown The (III)B HgCdTe layers were grown on

for the first time by MBE in 1981 on CdTesubstrates.' Since CdTe( I )B, CdZnTe(l1 I )B, and GaAs(100) substrates

then, this technique has produced n- and p-type HgCdTe in a Riber 2300 MBE machine designed to handle mercury.

layers exhibiting structural and electrical properties com- In the case of GaAs substrates, 2-3 /m CdTe buffer layers

parable to or even better than layers grown by conventional were grown prior to the HgCdTe. The Cd composition for

techniques!2 In order to optimize the growth condition to each layer was determined at room temperature by infrared

prepare high-quality epitaxial layers suitable for infrared transmission measurements. The Hall coefficient and the re-

photodetectors or other devices, the understanding of the sistivity of the layers measured by the van der Pauw tech-

electrical properties of the epilayers is essential. The under- nique11 for temperatures ranging from 300 to 20 K and mag-

standing of the transport properties of HgCdTe is rather netic fields up to 1.0 T.
difficult, especially for p-type HgCdTe epilayers 3- s because Assuming the existence of three charge carrers. R, can

of the complex nature of the valence bend and the high elec- be expressed as a function of magnetic field'
tron-to-heavy-hole mobility ratio. Measurements taken at A I + A 2x + A 3x2

constant field are not sufficient to understand this complex Rh = , 0 + A
valence-band structure. The electrical conduction versus q x (I + A 4x + A Si)

magnetic field has been described in the literature in two where q is the electronic charge in coulombs and

ways: the Hall coefficient (R,) and resistivity (p)35410 or x = (10-'B)2; Bis the magnetic field strength in Gauss. and

the conductivity tensor components ,,., and ox,. 9 In all A I,A2,A3,A4,andA 5arethenonlinearcoefficients ofthe

these cases, more than two charge carriers were necessary to mobility (pi) and the concentration (n,) of the three charge

explain the conduction mechanism. For n-type HgCdTe it carriers involved in the conduction mechanism. These coof-
has also been proposed that more than one kind of electron is ficients are given by

A In +

A 
2

A2

(n,~ + n2)2 + (n, + n, 2 b~+ ("2 + n3IAM + 2nl~nluipa4 + 2nin~,uhu3sI + 2n2nuo
A A2

(n, + n.+ 3)Mi|/.
A4- Az

A 5 2

where
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1.0 from a.,, than R. To use Re, after the fitting is done, we

qp(O) have to go through a cumbersome technique to predict the

The experimental R,, data for various magnetic fields carrier parameters. Since a,, is decomposed [see Eqs. (3)1

can be fitted according to Eq. ( I) using the standard nonlin- according to the three charge carriers involved in the con-

ear procedure. From the values of A 1, A 2, A 3, A 4, and A 5 duction, it is more illustrative to study a,, versus magnetic

obtained by fitting the Hall coefficient and the resistivity at field than to study R versus magnetic field.

zero field, the carrier concentration and the mobility in each All the analyzed samples showed evidence of three
band can be calculated using Eqs. (2). kinds of charge carriers participating in the conduction

The conductivity tensor components (2). ,o,, ) are giv. mechanism. We observe two positive carriers, identified as
en cy t r light and heavy holes coming from the complex nature of the

en byn valence band of HgCdTe. Hence, the light-hole contribution

r = e... . nq_, cannot be neglected in HgCdTe narrow-gap semiconduc-
p + Rh ,B2  I +/4B 2  tors. Accounting for these light holes in the transport mea-

and (3) surements produces significant effects at weak magnetic
fields. We took great care recording the experimental data in

RAB - n, q/ ,B this limit. Table I shows the extracted parameters for light
0"'* p2 + RAB I +/,B2 and heavy holes for MBE-grown HgCdTe epilayers in the
Here the concentrations and mobilities of the charge extrinsic temperature region. From now on, we will consider

carriers are directly obtained from the fitting parameters of the behavior of sample No. 571, which presents the general

carrre ductity taine. ftrends of the MBE layers studied in this paper.

the conductivity tensor. Figures 2 and 3 show the extracted mobilities and car-

rier concentrations involved in the conduction mechanism.
The carrier parameters deduced from both the R, and a,,

IlL. RESULTS AND DISCUSSION models are in very good agreemenL We can see that both

Figure I shows the magnetic field dependence of R, and types of holes show carrier freezeout at low temperatures. At
a,, for sample No. 571 at 85 K. It can be seen that the intermediate temperatures (60-100 K), the heavy-hole con-
dependence of R, on the magnetic field is significant and at centration is nearly constant indicating an exhaustion pla-
high fields it approaches a constant value. For o ,,, as the teau that is not apparent in the carrier concentration de.
magnetic field increases a., starts from zero, decreases, and duced simply from the reciprocal of the Hall constant (Fig.

goes through a minimum. It then behaves as a linear func- 4). As the temperature increases, the heavy-hole concentra-

tion of the magnetic field. In this limit /,B( 1 and the con- tion begins to increase due to the intrinsic conduction.
tribution from heavy holes to the conductivity tensor a., is For the electrons, their concentration falls off drastical-

reduced to approximately qp1 4B. This condition is justified ly as the temperature decreases. However, down to 80 K. the

for the low mobility holes up to the maximum magnetic field data show evidence of intrinsic electrons. The electron popu-

used in this investigation. lation cannot be determined accurately with either tech-

It is more convenient to calculate the carrier parameters nique as the temperature goes further down. However, the
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* TABLE I. Parameters extracted from the R. technique for light and heavy holes for p-type MBE-grown HgCdTe eptlayers at different temperatures.

Light Holes Heavy holes

Mobility Conc. Mobility Cone.
x (%) Sample (No.) T(K) (cm/V sx 10") (cm-'X 10") (cm 2/V sX 10') (cm-)x 10,S)

21.0 601 60 1.70 67.50 0.84 9.17
20 3.38 22.70 1.68 1.47

28.0 780 90 2.72 5.98 0.30 17.00
22.0 602 90 2.63 30.50 0.62 11.10

30 2.26 56.60 1.40 2.78
20.5 571 60 1.55 111.00 0.54 17.50

23 1.89 36.40 0.61 5.60

electron population can be resolved down to the 10" cm - ' limit. With the a,, fitting all the assumed three bands are
range (Fig. (2) ]. visible except at low temperatures when the electron popula-

In Fig. 5 we have compared the intrinsic carrier concen- tion is less than l0"I cm- 3. The mobility ratioA/,/1g, can be
tration of Hansen and Schmit s2 with the one deduced from calculated from the values of the electron and heavy hole
R,. The circles represent the values of n, = (np) "2 calculat- mobilities. This is shown in Table II. There is no clear tern-
ed from our data. There is a good agreement between the two perature dependence of the mobility ratio, but the values are
intrinsic concentrations. This gives credibility to the band greater than 102 in the temperature range between 140 and
parameters extracted from the Hall coefficient versus mag- 75 K. This is expected for such a cadmium composition.
netic field measurements. It also demonstrates that no addi- As mentioned above, Fig. 4 shows the measured Hall
tional electrons are detected in the material down to very low carrier concentration versus reciprocal temperature at 0.2 T.
concentrations in the extrinsic region. We conclude that In the analysis of this set of data versus temperature, we used
there is no inversion layer at the interfaces, and gross defects the technique described in Ref. 13. We assumed a nonpara-
like metallic clusters are not present. bolic Kane model, a single acceptor level, and a fully ionized

On one hand, at temperatures below 70 K the samples compensating donor level. The solid line in Fig. 4 is the best
exhibit mixed conduction as is seen from both the high-mo- fit according to this model. The extracted doping level,
bility holes and the low-mobility carriers. Since the electron 2.5 X 1016 cm - 3, is higher than that obtained from the mag-
population is less then 10" cm- 3 in this temperature range netic field analysis. This is expected, since at 0.2 T. the elec.
the electron mobility and concentration cannot be deter- trons contribute to the data around 80 K even though the
mined with reliability. On the other hand at high tempera- Hall constant is positive. The slope of the heavy-hole con-
tures (above 75 K), the R, technique does not give realistic centration versus reciprocal temperature is closely related to
parameters for the light holes. Therefore, in Figs. 2 and 3 the the acceptor energy E,. From Fig. 2, EA = 4.4 meV. This is
parameters for only two major bands, electrons and heavy in good agreement with the fitted acceptor level. E4 = 4.3
holes, are shown from the R4 technique in this temperature meV in Fig. 4. The consistency of both analyses implies that
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- TABLE 11. Temperature dependence of the ratio of the electron to the
heavy-hole mobtilties for sample No. 571.

T js./Im,
(K) (with R") (with a.,)

140 135 136
.2 -1120 115 104

t00 93 120
Ol 95 112 120

~ o1  190 116 128
- 8I 5 123 135

- 4so 137 147
C:_____________________ 75 259 296

0~ 101
U 0 5 10 is 20 25 30

1 O0/T(K)

FIG. 4. Curve fitting of the carrier concentration deduced from the Hal ue.Hnelntalgessfrtepraeesi h uvmeasurements vs reciprocal temperature for sample N. 571. Pasd.rneiatamuessfoeheprmeeerste uv
used: x = 19.996, N. - N, = 2.5x 10"6 cm -1. N, - 1.3 X 10"' cm1. an fitting with a., are difficult to determine. Any values for the
E, = 4.3 meV. initial parameters might give a good fit since, for the investi-

gated magnetic field limit, a,,, is a linear function of the
fitting parameters.

the sample under investigation has a good doping uniformity This multiband transport analysis confirms the expect-
alog te gowt diectonandis reeof the aditinal ed band structure of MBE-grown HgCdTe with one electron

alomn th re growth e rctonadcisn frecfher aditona and two holes. This study confirms that MBE HgCdTe lay-
domiantchagesin he cndutio mehansm.ers can be grown with a good doping uniformity and free of

gross metallic defects and inversion layers. From Fig. 1, it is
IV. ONCLSIONseen that the magnetic field strength is essential when oneIV. ONCLSIONspecifies the measured quantities, such as R, and, therefore.

We have studied the band parameters of MBE-grown p- the Hall mobility. The information on the minority carriers
type HgCdTe by analyzing the Hall coefficient R, and the can also help to improve the control of the growth param-
conductivity tensor a~, versus magnetic field at different eters to obtain high-quality HgCdTe epilayers.
temperatures. We fesolve two kinds of positive charge carri-
ers in the extrinsic region. With the technique described it
was possible to determine the carrier mobility and the con- ACKNOWLEDGMENTS
centration versus temperature for each band, including We wish to thank Dr. K. C. Woo for giving helpful sug-
those of the minority carriers. The extracted parameters are getos n .AiadA aokfrtertcnclass
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with each other. Our data show that the conductivity tensor Office for Scientific Research under Contract No. F 49620-
technique is more useful than the technique using Rh, at some 87-C-0021.
temperatures. On the other hand, with the or., technique it is
impossible, especially for p-type epilayers, to reach the high
field limit y, B> I with the magnetic fields that we have
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111-2 EXRINSIC DOPING

111-2-1 N-TYPE DOPING: INDIUM

In the final report of DARPA contract MDA 903-85K-0330 entitled, "MBE

growth of mercury cadmium telluride and superiattices." the propertle of In

doped HgCdTe MBE layers have been discussed. It appeared that In is a very

good n-type dopant but also that it presents a serious memory effect problem as

illustrated by Table Ill. A layer grown after a In-doped one was always n-type

even though a p-type conduction was expected.

Therefore we have worked on this question and by changing the position of

the cells and also the way that part of the growth Is carried out we have solved

most of this problem. Now a layer grown after a In-doped layer exhibits a p-

type character (see quarterly report dated March 15, 1988). However It is unclear

whether or not a low In contamination still exist in those p-type layers.

SIMS measurements have been performed on In-doped HgCdTe layers have

shown that a doping level as low as 2.0x06cm- " controlled by the In level has

been achieved. This represents a major Improvement compared to our results

published previously (Applied Physics Letters 48, 1733, 1986). This means that

we have a much better control of the stoichlometry. It is also confirmed that In

is 100% active in HgCdTe MBE grown layer since the ND-NA value determined by

Hall measurements Is Identical to [in] measure by SIMS using calibrated sample.

The third observation concerns the abruptness of the In profile. It Is confirmed

that junctions grown by MBE using In can be very abrupt, which Is excellent for

in situ device technology. Details are given In the attached paper #1. Thanks to

its exceptional electrical properties this element is now established as the best n-

type dopant of MBE grown HgCdTe.

Concerning the crystallographic orientation we have also found that it does

play also a role in the Incorporation of Impurity, such as, Indium. Indium has

been incorporated as a donor during MBE growth of MCT In the (100) orientation.

As compared to the (111)B orientation, Hall and SIMS measurements have shown

that Indium in the (100) MCT layers is at least doubly Ionized. This Is true at

least for Nin below 1 x 1017cm- 3 . We believe that most of the In atoms are

triply Ionized and Incorporated interstitially In MCT. The other In atoms could

be single Ionized In substitution on the metal site vacancies not already filled by

the Te atoms like In the (111)8 direction. Such an Incorporation mechanism of
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indium supports a Te antisite model for explaining the favorable n-type behavior

on (100) MCT grown by MBE. It also agrees with the growth in the (100) direction

occurring under To-rich conditions like in the (111)B direction. These results

imply that foreign dopants, in general, should be incorporated interstitially at

least to some significant extent in the (100) orientation. We think that Interstitial

doping by MBE in the (100) orientation might present serious limitation for Its

future electronic applications. These results are extremely Important for the

fabrication of MCT devices Involving doping application in general, since it indicates

that the orientation might play a very Important role. For more details, see the

attached paper #2.

ATTACHED PAPERS:

1. "The Intrinsic and extrinsic doping of mercury cadmium telluride grown by

molecular beam epitaxy"

2. "Roe of the crystallographic orientation on the incorporation of Indium in

HgCdTe epilayers grown by molecular beam epitaxy"
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The intrinsic and extrinsic doping of mercury cadmium telluride grown by
molecular beam epitaxy

M. Boukerche and J.P. Faurie
University of Illinois, Dept of Physics, Chicago, Illinois 60680

ABSTRACT: The electrical properties of the mercury cadmium telluride
semiconducting alloy grown by the molecular beam epitaxy technique are
reviewed. The intrinsic doping produced by stoichiometry deviation
during growth, as well as the extrinsic doping resulting from incorporation
of indium, lithium, silicon, arsenic and antimony are described. The
element from column I (Li) is a p-type dopant whereas the otherst dope
the material n-type. We will show that those impurities mostly substitute
in the metal site. We will conclude that the growth occurs under tellurium
rich conditions.

1. INTRODUCTION

The mercury cadmium telluride material (MCT) is recognized as the most
important infrared material for detector applications in the 8-12um and 3-
Sum wavelength atmospheric transparency windows. Since its direct bandgap
can be tuned by adjusting its cadmium composition, it was also suggested
as a candidate for photonic applications in a much wider energy range. The
molecular-beas epitaxy (M31) technique is now established as a possible
technique to grow high quality MCT apitaxial layers.

Very important improvements have been made in the growth control and
understanding (Sivananthan et al 1988) since it was first reported seven
years ago (Faurie and Millon 1981). The best as-grown MBE material compares
with the best post-annealed material produced by the other techniques.

Highly uniform hetero-epitaxial MCT-MBZ layers have been demonstrated on
two-inch GaAs substrates (Lange et &l 1988). Characterizations of heterojunc-
tions and homojunctions made in-situ have already been reported (Boukerche

et &l 1988a). High performance photovoltaic operation has also been shown
recently on hosojunction diodes made ax-situ by ion implantation on unannealed
MDR material (Faurio ot al 1988, Arias at al 1988).

The highly flexible MDR growth technique is an ideally versatile tool to
study the correlations between the growth conditions and the electrical
properties of the layers. It is also being considered for industrial
applications. We will review the few studio published on the doping of
the MDE-MCT material, and will present the latest results obtained in our
laboratory.

2. INTRINSIC DOPING

Like for the other techniques, the MBE technique is facing all the difficulties

associated with the ionicity of this II-VI pseudo-random alloy. The large

( 1989 10P Publishn Lid
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stoichiometry deviation range (Y <- 10- 5 ) can generate intrinsic dopings
in the 101 7 cm-3 range. We can see that the growth control is even more
critical than for the II-V materials. A few degrees change in substrate

or Rg cell temperature can change substantially the doping concentration

of the material being grown. The precision of the growth controls will

determine the minimum eytrinsic doping level achievable with reproducibility.

The best compromise between the growth requirements of CdTe and RgTe sets
the substrate temperature (Ts) around 190C (Sivananthan et a1 1988) for Cd

compositions (X) close to 0.2-0.3. Monitoring the growth by high energy

electron diffraction (HEED) and establishing correlations with Hall measure-

ments showed that high quality epitaxy can only be achieved within narrow
ranges of Rg pressures and substrate temperatures for fixed X and growth
rates in the (111)] orientation. If the Ng flux is too low or Ts too high

the p-type character of the layer increases. When rings become detectable
on the HEED screen, which is attributed to tellurium precipitation, the

Hall mobility decreases to 100 cm2 /V/s or less and the doping level is p-

type in the low 101 7cm-3 range for X=0.2-0.3 and growth along the (111)8
orientation. In the same crystallographic orientation, if the mercury

pressure is too high or Ts is too low, twin dots appear along the diffraction
lines of the HEED screen, and the electrical properties of the layers
degrade rapidly (Faurie at al 1986a). They usually show n-type conduction.
We think that the related defects are twins. Abnormal behaviors were

reported for such layers after isothermal anneals under mercury pressure

(Aries et al 1987). The fact that excess Hg produces n-type material even
before twins are visible is consistent with the well recognized properties
of Hg in MCT (Vydyanath 1981a).

The growth requirements vary with the growth orientation. These differences

will also be reflected in their respective electrical properties. The
minimum Hg pressure found necessary to maintain a monocrystalline growth

mas found to be an order of magnitude higher for the (111)A cadmium face
than for the (111)1 tellurium face (Sivananthan et al 1986). The sane

results were also reported for the (112)Cd and Te faces (Koestner and

Schaske 1988). The case of the (100) face lies somewhere in between.This

is one of the reasons why the (111)B orientation was studied first since

high vacuum conditions were difficult to sustain in non specifically designed

MIS systems. The price of high purity mercury is also to be taken into
consideration for industrial applications.

In addition to the effects of the Bg flux and To previously mentioned, an

increase in Cd composition tends to produce p-type material (Soukerche st

al 1986). In the (111)B orientation good quality layers can only be grown

p-type for Cd compositions more than .2, and n-type for X less than 0.2

(Sivananthan et al 1988). The p-type intrinsic doping level can reach the

mid-1017cm- range (Boukerche et al 1986). Fittings of the Hall data with t

a model based on two band Kane theory and a single shallow doping level singly I
Ionised were performed. Very good agreements could be obtained between the I
carrier concentrations measured and calculated in the hole temperature b.
range, as well as for the Cd compositions measured by Fourier transform ns
infrared spectroscopy (FTIR) at room temperature and the ones fitted. The at
donor compensation was estimated to be in the low 10

1 7ca "3 range for this

particular set of samples. Automatic fittings made with the same model on is

crystals grown more recently gave compensation levels in the mid-l016cm "  p.
range (Fig. 1). Interestingly. a two level model with a doubly Ionized In.

state was not required to reach such lover compensation magnitudes. The too

non-uniform or suspicious layers were obviously not considered in this t"

analysis. Ve should point out that surface inversion in as-grown p-type'
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mBE layers is very unusual even
for doping levels of lxlOl6c'3. The
best p-type Hall mobilities reached
consistently llOOcm2/V.s or more ----

confinement effects due to RgTe

interfaces (Faurie et &I 1986b).
They compare favorably with published '0 =
data for the other growth techniques U
(Gold and Nelson 1986. Meyer et aI
1987). Doping levels in the 1015 :cm3  5 0O1
range were also observed. Excess Nc tUA~hIOI)
carriers lifetimes were measured on
these materials being illuminated
by asolid state laser. The photosignal Fig. 1. Hall curve calculation
was always checked for exponen- for a p-type intrinsic layer
tiality. The electron lifetime in parameters used: x -. 259,
some of these p-type layers could Nd a 2.9x1016cm3, NA
exceed 700ns at 2201( (Fig. 2) and 6x1016csm3, FA - 3 meV, the
was very well fitted with a Shockley- donorsareassumed fully ionized.
Read model including a
recombinat ion level near
mid-gap (DeSouza et al "Its 105n"59 I 1 hCOUSS T CfIS CIC. 140ILITY
1988). The analysis of such "A~('O) .. g(C3Y18)

material versus magnetic WlLhfln l MrTO
field with a three bond 196 461 We? 0.20 "a10 6.0s1's 1.110'
model confitrued the expected Sa 5. 131101... li 1nB. 1.1:19'

band structure with on* 215 537 We? 0.2S ti.%a MR 6.101. 1.7.10'
20: 5316 Me? 0.29 1S.660 we5 7.SuIO', 9.7:10,light electron, one light it 28 Cd? 0.36 12.1Iva 711 3.68101, 6.0.20'

hole and one heavy hole , 66 li " 0.16 2 I' Ia. -1216.8" 1.2210,
bands (Wijevarnasuriya et Ga 340 CA". 0.21 3.NO. 239 3.6218" 1.1.101

13,3 244 G 0.25 1.&Mw 30K 1.1A10 1.7..10,

High mobility n-type S003o we 5 0.31 2.. 3 " 1.121011 4.5.101

layers can also be achieved 4 s1t Cd?.bS 0.31 7. G e 2.6ao.1 &1
in the (111) direction by 33 601 c42.Te 0.2 US. 2X 1.310' Is 610,
stoichiometry adjustment. 3640 Ga MAT 0. 24 9.2.&a 236 1.421:11 10.10'

However, the carriercio oen
concentration determined 67 534 de" 0.21 4. 2 3.4s.20" 1.101
by the Hall measurement 123 306 We? 0.24 LOW. lit 2.0.10'1 ?.Salo,
monotically decreases with 127 306 Cd?. 0.29 2.Two lit 1.1.10' 1.2Late,
temperature and never TAA I 1*imin..i sbIearmtle of P-4sm U1d. gr O
exceeds the low 10 1 cm .. N between 190awSC (Ib seft lape at Me 164"1004 .

range at low temperatures (loukerche et al 1986a). When the Cd composition
Is less than .2, the carrier concentration at high temperatures can be higher
than the expected Intrinsic carrier concentration. Such layers were confirmed
to be n-type by capacitance measurements on MIS structures (Yoo ec al
1988) and thermoelectric probing at cryogenic temperatures. Such a behavior
looks similar to bandgap narrowing due to the formation of an impurity
band. We suggest that it could also be related to a self -compensated
native defects together with a low electron to hole mobility ratio. This
subject Is still being investigated.

MDI growth along the (100) orientation can also produce high quality ns or
p-type MCT material. However, the layers are n-type for Cd compositions
less than .35. P-type material can be achieved only when the substrate
temperatureo exceeds 200C (Arias et *1 1937, Sivananthan et &1 1933). No
twinning is observed on the HEED screen during the growth. As previously
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mentioned the magnitude of the Hg
fluxnecessarytomaintainsonocrystal-
linity is larger than in the (111)5 :., ...... ..
case. The growth is actually easier ,

to control since the suitable relative
range of Hg flux is wider. As in the
(111)9 case, the n-type doping level ,
is limited to the low 1016cm-3

range. The carrier concentration and .
resistivity deduced from the Hall
measurements follow the anticipated
behaviors of the narrow bandgap n-
type MCT material versus temperature ._,______
(Hansen and Schmit 1983). The donor . .. . . .
level is merged in the conduction band
and is always fully ionized. The Fig. 2. Example of photodecay
resistivity dips at the onset of lifetime measurements on p-type
extrinsic conduction. Faceting intrinsicmaterial.---:calculation
during growth along the (100) direction with the Shockley-Read theory,
resulting in pyramidal voids present ET/Eg=.49,Tno=35ns.
in the layers was reported recently
(Million st &l 1988). They were shown to originate at the CdTe interface.
The density of these defects was function of the substrate used and the
surface preparation. We did observe the same defects. Whether they will
remain a serious limitation for the growth in the (100) orientation, or
are linked to the quality of the growth control, is still to be determined.

We see that the physical and electrical properties of the layers are totally
dependent on the growth orientation. It was previously suggested that the
Hg pressure requirements for the (111)Te face were smaller because the Te
growing front was acting as a protective layer limiting the Hg (and Cd)
reevaporation (Sivananthan et al 1986). We think that Te is responsible
for the different intrinsic properties of the NCT-NBE material in the two
directions described above. The (111)B growth seems to be intrinsically p-
type. The negative sign of the Hall constant at low X is more linked to
the narrow bandgap effects (electron to hole mobility and density of
states ratios) than to the actual doping density. An opposite situation
prevails in the (100) orientation since the layers are definitely doped n-
type. This difference cannot be explained by a model based on the concen-
tration of mercury vacancies since more Hg is required to grow the (100)
direction. Furthermore the (100) growth orientation leads to p-type material
only when the substrate temperature exceeds 200C, which is known to induce
substantial tellurium reevaporation (Sivananthan at al 1986). We conclude
that Te is indeed responsible for the different doping properties of these
two growth orientations. Substitutional To atoms on the metal site might
explain the (100) n-type (Faurte 1987). We will now see that It also
controls its extrinsic doping properties.

3. DOPING WITH INDIUM

Controlled In evaporation during NBE growth was found to produce n-type
layers on CdTe(lll)//GaAs(l00) combination substrates (Boukerche et al
196~ a maximum electron concentration measured by Nall could reach
2x11 cm" . which is two orders of magnitude more than wtt can be achieved
by stoichiometry deviation. The carrier concentration at low temperatures
was compared to the atomic In concentration determined by secondary ion
mass spectrometry (SIMS) calibrated with implanted reference samples. Even
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though the Cd composition of the samples varied from .2 to .3 and some
uncertainty was unavoidable, a clear trend was detected. The data measured
could be very well fitted with a model assuming that part of the In concentra-
tion precipitated in the form of In2Te3 , the rest of it being singly
ionized. The formation of this compound should actually not be seen as a
singular defect since it has been reported in solid solution in HgTe for
compositions between 0 and 0.2 (Spencer 1964). The model also assumed a fixed
concentration of compensating acceptors in the low 101 7 cm- 3 range. This
value was not surprising since the layers were Intentionally grown with
conditions adjusted to produce intrinsic p-type material without In. More
recent results analyzed with the same model show that the In population is
fully ionized for concentrations of 101 7 cm- 3 or below (Sou et al 1988) as
can be seen in Fig. 3. The compensating acceptor concentration will be
precisely determined when more
measurements will be available. At
the present time it could only be -
estimated to be at least a decade
lower than previously reported. The
electrical efficiency of In in MCT T

made by MBE is larger than for
other growth techniques (Vydyanath j
1981b). This is probably related to
the lower substrate temperature used
during growth decreasing the rate of
In2Te3 precipitation. SIMS profiling inin. ,,
of In junctions grown during two
hours or more showed diffusion Fig. 3. Fraction of ionized
profiles around 2000A wide probably indium atoms versus the atomic
limited by the instrument itself concentration of indim.
(Fig. 4). Uncorrected spreading
resistance data measured at cryogenic
temperature gave a transition width
of 3000A for a junction 2.5um deep.
A layer with a Cd composition 0.55
was doped with In and was measured IO_
having 101 5cm "3  electrons. This
could never be achieved.by stoich- To
iometry adjustment. In general the
gall mobilities of the In doped
layers look promising in view of
their doping levels and Cd compositions g
(Fig. 5). We discovered that the I1
layers grown after In doping was 108.
used tend to be n-type. SIMS measure-
ments proved that In was still
present in the subsequently grown *tol
material. This limitation is obviously 1o'
critical if Junctions are to be
realised. However we think that it
is a technological rather than DEPTH (ss
physical limitation linked to the
high vapor pressure of In versus
temperature. This problem has now Fig. 4. SIMS profile of sharp
nearly been solved since intrinsic In doping transition made
p-typ. layers could be grown after during growth.
In doped material. Thanks to its
exceptional electrical properties,
this element will most certainly
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remain a a on* of the major n- xVU
type dopants of MBP.-1CT. We V5.
should also mention that it was e m~ i t w
demonstrated as an efficient n-
typo dopant In the 1017cm-3

range for CdT. grown by laser L
assisted KBE (Bicknell et al too$i
1987).

4. DOPING WITH LITHIUM

The need for a p-type dopant In
MBE-MCT rises first for the I
growth in the (100) orientation
since it usually produces
intrinsic n-type material an
mentioned above. Since Li Is a
column I element, it was expected e
to behave as & p-type dopant.3 0 4 7 89

Such was indeed the case (Wi Jewar- 30IAKMnN4m

nasuriya et a1 1987). Do ing : A& 00 M LOAN
levels as high asxlOlccal a a-rif gp WEU LOMK

could be measured. The amount "r o mU aw4Ao"o
of Lithium Incorporated in the
MBE layers grown was estimated Fig. S. Comparison of mobilities
from the Li effusion cell forMCTIayers fromdifferent origins.
temperature, the geometrical
configuration of the system,
and the growth rate, 0
assuming a unity condense- ton -

tion coefficient. A verya
good agreement was f ound 0WN00owk
between these calculated a a

values and the carrier ai
concentration deduced from i
the Roll measurements I £ O

above 5x10 1 7cm3 (Fig. 6). .. S
we conclude that most of WIT
the Li atoms are indeed -

Incorporated and singly
Ionized In the crystal. Sole 0
f reeze-out was onlydecected a , A e *

one fo adoping level of
10lcma-. The carrier Fig. 6. Comparison of Calculated LI Incident
concentration remained flux with SIMS and electrical date.
Independent of temperature
In agreement with a shallow
doping level merged i to the valance band for doping levels of 4x1016cm-3

or more. Above Wx10cN-3 the carrier concentration started to decrease
slightly along a curved shape with reciprocal temperature *"awng the
onset of semi metallic impurity band conduction. Impurity scattering
calculations similar to the ones made by Vydyanath (1961a) were attempted.
When the mobility without In is assumed to be around 500cm2 tV.s, the
calculated and measured values, assuming that the donors are singly ionized
at low temperatures, are in reasonable agreement (Fig. 7). Lithium was
also found to dope the (111)1 MU9 grown material p-type, even for Cd
compositions as low as 0.16. The Hall constant measured on such low X MIE
material Is always negative without lithium incorporation. It thus seems



Shallow Impurities in II- VI Compounds

that Li is a very efficient p-

type dopant probably substitut- 'a
jag in the metal site. Unfor-

tunatelY we discovered that the --a.

MCT material grown above or , - O., -,d

below Li doped regions had - - .

basically the same Li content as & . "

detected by SIMS. Lithium is i".
highly mobile in the MBE layers.
It can also diffuse out of the " ". *

material since some Li doped "..
crystals were measured n-type
after annealing. This result is
not surprising since the Li '

atomic radius is smal, and it
obviouslycompromisesanyelectro- Fig. 7. Measured and calculated
nic device application. holemobilitiesversusLidoptnglevel.

5. DOPING WITH OThER ELEMENTS

Silicon, a column IV element, was found to behave as an n-type dopant whe

evaporated during HUE-MCT growth P5oukerche et al 1988b). The highes
level achieved reached 1.7x0 17cm- . Unlike for the case of indium, n

memory effect was observed. The reproducibility of the doping level wa

nore difficult to achieve, probably because of the more intimate inzeraction

between this element and the native growth conditions. The amphoterou
character of this element is recognised in the growth of III-V materials
and it was previously shown to produce n-type MCT material before (Johnso

and Schait 1977). A fully ionized behavior independent of temperature we

seen even for doping levels in the 101 5cm 3- range. A strong accepto.
compensation was suspected since strong impurity scattering limited th.
mobility at low temperatures. SIMS profiles could resolve less than 1000*
transitions on 3am thick junctions. Kosojunctiona made on intrinsic p-

material with this dopant were reported recently (Boukerche et al 1988a)

The doping concentration was suspected to be non-uniform close by th*
junction. it was also concluded that the device operation was limited b)

generation-recombination.

The column V elements arsenic and antimony were also found to act as n-
typ9 do ants in HUE-MCT. The doping levels achieved never exceeded the

lO0ycn' range. The carrier concentration was nearly independent of temperatur

in the extrinsic range. Unlike intrinsic doping it was also the case fo

low X material in the (111)3 orientation. Strong impurity scattering we

limiting the mobility at low temperature. Since the doping magnitud

remained low, we think that these elements were highly self-compensated i
the MBE material. Arsenic was previously reported to be amphoteric whe

incorporated during tellurium rich NCT growth by the liquid phase epitax
technique (Vydyanath et al 1986). Illumination of the crystal during th,

growth by an Nd-Yag green laser pulsed at 10Khx only slightly increasec

the Cd composition and the electron concentration in the material, but did

not change its electrical type. Isothermal annealing at temperatures

between 200 and 250C also kept the samples n-type, showing that the doping
mechanism was stable.

This is a very important result giving insights on the KBE growth mechanism

since As was found to dope NC p-type by diffusion (Johnson and Schmit 1977).
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CONCLUSION

We shoved that lithium, a column I element, substitutes In the metal site
to dope the material p-type. Silver, another element from column 1, was also
reported as doping the MBE material p-typo (Wroge et al 1988). Indium, a
column III element, was shown to dope efficiently the layers n-type,
mostly substituting in the metal site, the rest precipitating isoelectrically
in the form of In 2 T4 3 , When going to column IV (Si) and column V (As,Sb) the
elements investigated still dope the material n-type, but the maximum
doping levels achieved decrease sharply and the self-compensation increases.
We conclude that none of the elements studied could substitute in the
chalcogenide site. This proves that the HBE-MCT growth Is occurring under
very rich Te conditions so that no To site Is available for substitution.
This analysis is consistent with the case of Intrinsic doping discussed
above since we already suggested that To is responsible for the electrical
properties of the layers.
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Role of the crystallographic orientation on the incorporation of indium
in HgCdTe epilayers grown by molecular beam epitaxy
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In-doped HgCdTe films have been grown by molecular beam epitaxy (MBE) on CdTe
substrates in the (100) crystallographic orientation. They were characterized by Hall and
secondary-ion mass spectroscopy measurements. The results are compared with those of In-
doped HgCdTe layers grown in the (111 )B orientation. In the (111 )B orientation indium is
incorporated in the metal site whereas in the (100) orientation it appears that indium is mainly
incorporated interstitially. The results agree with a Te antisite model as a possibility for
explaining the electrical behavior of (100) HgCdTe grown by MBE

The growth of the infrared material HgCdTe (MCT) by rest of it being singly ionized (probably filling the metal va-
molecular beam epitaxy (MBE) has been studied since the cancy sites). These results agree with Vydyanath's model for
beginning of this decade. Most of the reported results have In diffusion in bulk materials.5 In the previous study a fixed
been obtained in the ( 111 )B and (100) orientations. It is concentration of compensating acceptors in the low 10"
well known that the conduction type (p or n) can be con- cm-3 range was also assumed.
trolled stoichiometrically by varying the Hg flux (low or The same model has been used to fit In-doped ( 111 )B
high) or the substrate temperature.' This principle is based layers recently grown in our laboratory.6 The fitting gives a
on the assumption that Hg vacancies act as acceptors and Hg value around IX 10 6 cm- 3 for the Compensating accept"
interstitials act as donors. Change in conduction type has concentration N.. The precise value of N. cannot be deter-
been observed when the growth occurs in the ( 11 )B orien- mined unless more experimental data become available. It is
tation. In the (100) orientation, in spite of a much higher Hg worthy to note that this new value of NA is much lower than
flux requirement, which means that a higher tendency for that reported earlier (3X 10"7 cm-3), 4 which indicaies that
Hg vacancy formation is expected, the MCT layers exhibit n- a much lower compensation level has been achieved. This is
type conduction for a substrate temperature less than 200 *C. attributed to recent improvements in the growth by MBE of
This happens even in the low Hg flux limit where polycrys- HgCdTe related to a very precise control of the substrate
talline growth begins to occur. temperature and fluxes during the growth.

Hg vacancies and Hg interstitials are considered, re- The purpose ofthis work is to study the incorpomac of
spectively, to be the sources of p- and n-type doping in the indium in MCT grown in the (100) orientation by MBE. As
(I l)Borientation. Actually, p-typecharacter was moreof- in the (III)B case, we expect that this study will give us
ten observed in this orientation. This is probably because the further information about the intrinsic doping propetes of
weak bonding between Te and Hg in MCT makes the forma- MD3E.grown MCT in the (100) orientation.
tion of Hg vacancies easier than that of interstitials. Recent- A Riber 2300 MBE machine modified to handle Hg was
ly, Boukerche et al. have suggested a different model in used for the crystal growth. All the layers wee greow as
which thep-type character for the (II ) Borientatio. iscr- CdTe (100) substrates. Before growth each CdTe submra

sidered due to some excess Te dissolving in the layers inter- was cleaned in orgnic solvents, clhmically etched a a rDr-

stitially. methanol solution, and finally rined in m hanol and Iod-

Faurie has suggested that the n-type character observed ed in the growth chamber. A brifthermal cleanmg was per-
for the (100) orientatio is probably due to substitutional Te formed in situ at about 300 "C prior to the 8ruah The
on the metal site.' Sines this Te antisite mdel has been pro. growth of In-doped crystals requires four effumon cellb mw
posed, there has been neither direct nor indirect experimen- taiing mercury, tellurium, cadmim telluride. wad dium,
tal results which could stoly support it so far. respectively. Aside from the much higher Hg fla u. the

Modern solid-state devices have had ther most dramat- fabrication of In-doped (100) MCT is similar to h de

ic and extensive applications through doping by foreign im- scribed for the ( I 11)B orientatiouL' The growth ooidinum
purities into the host semiconductor materials. In a previous were controlled such a to require on0y the 11010
letter' we have reported the electrical characterization md amount of Hg for single-crystal formato. The growth tow
secondary-ion mas spectroscopy (SIMS) measurements on perature was controlled through an infrared pyroeme and

In-doped MCT grown by MBE in the ( 1)8 orientation. in situ quality monitoring was achieved through rVud
The indium impurity was detected fully ionized. Its doping high-nme electron dift'actiom (RHEW). The "Ibwats
efficiency strongly depended on the indium atomic conca- temperature was kept at 190 "C for all the layer. BY vaiyWm
tration when the concentration was above I X 10' cm- .  the In cell temperature, difeent doping conetrmatie
Hall and SIMS data could be very well fitted with a model were obtained.
assuming that pan of the indium concentration precipitates Table I its the transport properties of the layer which

in the form of In2Te3 (neutral molecular complexes), the have been studied by al mesurements. Sample No. 556 is
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TABLE I. Hall and SIMS data of In-doped MCT layers grown by MBE (Hal data were at 23 K. except for sample 856. which was at T = "0 K,

Carrier concentration
Cd composition Hall mobility (x 10 4 cm- )

Sample Orientation ( % ) (x 10 crz V' s- ) (, - N 4 ) (x 10" cm')

856 (100) 20.5 110 8.8 ...
875 (100) 23.0 70 43 2.5
876 (100) 25.0 3.7 110 4.2
859 (100) 24.5 48 290 12
860 (100) 26.5 33 550 23
861 (100) 25.5 41 1000 41
863 (100) 33.0 16 2100 78
714 (III)o 24.0 31 200 23
715 (III)o 26.5 Is 290 32
697 (11)8 27.5 14 1000 110
716 ( 11)B 26.5 21 1400 170
705 (111)) 20.5 28 2400 270

an undoped MCT layer grown just prior to the In-doped indium atomic concentrations. (The difference is less than
layers. The fact that the electron mobility of this layer 10%.) The above observations rule out the probability that
reaches 1.1 X 105 cm2 V-' s- at 70 K demonstrates that the the SIMS measurement on these two orientations have a sig-
growth conditions used for this work were well controlled nificant orientation dependence.
and thereby achieved good electrical quality. The meaning The behavior described above undoubtedly indicates
of the electron carrier concentration listed in Table I will be that the indium in (100) MCT is at least doubly ionized.
discussed in the following paragraph. For comparison, in This experimental observation suggests that indium might
Table I we also give the data of recently grown In-doped be incorporated interstitially in MCr crystals. Regarding
(111)B layers. the n-type behavior of MCT in the (100) orientation as

SIMS measurements were conducted using a Riber MQ pointed out before, we suggest the following model. We be-
156 ion microprobe system. A 10 keV oxygen primary beam lieve that Te atoms are filling enough metal vacancies to
was focused on the target at 30' off the surface normal. A convert the MBE epilayer to n type. These antisite Te atoms
10% beam blanking was used to exclude ions originating are actually acting as donors, which explains the n-type be-
from the sloping sides of the sputtered crater. Sputtering havior. Under this circumstance, the additional incoming In
rates were around 2 nm/s. The secondary-ion spectrum of atoms have to take the interstitial sites. The smaller surface
"sin was normalized to the 'IrTe matrix ion. An In-implant- atomic density in the (100) direction, as compared to that in
ed layer with known In atomic concentration was used as a the (I I I)B direction, may enhance this trend. Since the dis-
reference sample. In order to have a meaningful comparison tance between an interstitial atom and the neighboring lat-
between the different growth orientations, we performed tice sites is shorter than that between a substitutional atom
SIMS on some of the recently grown In-doped (1 I1 )B MCT and the neighboring lattice sites, we should expect that the
layers along with the newly grown (100) layers under the screening effect due to the electron clouds of neighboring
same experimental conditions, calibrating with the same im- lattice atoms is stronger for an interstitial atom.' The rela-
planted reference sample. The In atomic concentrations of tively weaker binding energy in the intestitial sites does al-
these layers measured by SIMS are also listed in Table I as low the In atoms to be at least doubly ionized. Consequently,
N,,. the electron carrier concentraions listed in Table I are

From inspection ofTable I, the most remarkable point is greater than 2Ni,,.
that the In atomic concentraions measured by SIMS are less Another interesting point can be noted from further ip-
than half of the electron carrier concentraws derived from spection of Table I. The electron Hall mobilities of the In-
the Hall memurements in the (100) cae. Ifwe compare two doped (100) layers are slightly higher than those of the
layers having the same In content but grown in different (III)B layers, even though higher than singly ionzed scat-
directions (Nos. 860 and 714) we can see that the doping tering centers should be expected in the former ca. We
level in the (100) direction is L75 times higher than in the believe that this discrepancy is mainly due to the scattering
(III)B direction. The fact that the consistent factor of 2-3 by twin defects which am often observed during the growth
difference is much larer than the total error (within along the (II1)B direction.
+ 40%) estimated for such a comparison implies that it is a A typical SIMS prole ofta In-doped (100) MCT layer

real physia effect. gown by MME is showa in FIg 1. The MCr:In/CT tater-
Upon examination of the SIMS prodles, no systematic face is visible The In transition at the interface m as harp as

difference on the sputtering rate ad TO intensities was de those of Cd and Hg. A sight accumulation of indium atoms
tected between the two onentations. We have alm grow at the interface is also visible, which is nm obsved in the
twolayerson a CdTe (Ill)Band a CdTe(100) substrate, layers pow in the (Ill1)B orientation (se Fi. 2). We
respectively, using the ame indium call temperalure. SIMS speculate that this character is somehow related to the Lnter-
measuremants on these two layers gave basically the same 'stial mechanism ofindium incorporation in MCT grown in
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FIG. 1. SIMS profile ofan In-doped (10O) MCr grown by MBE FIG. 2. SIMS prodle ofan In-doped (I I1)B MCT grown by MBE

the (100) orientation. Indium diffusion experiments are cur- volving doping application in general, since it indicates that
rently under way. The preliminary results confirm that indi- the orientation might play a very important role.
urn is incorporated differently in the (1I11 )B and ( 100) oni- The authors would like to thank Z. Aui and S. Farook for
entations. We expect that further information about the their technical assistance and the Defense Advanced Re-
orientation dependence of indium incorporation will be search Projects Agency for its financial support under con-
available through this study. tract F49620-7-C00M I monitored by the Air Force Scien-

In conclusion, indiumn has been incorporated as a donor tific Office for Research.
during MBE growth of MCr in the (100) orientation. As
compared to the (I111I)B orientation, Hall and SIMS mea-
suremnents have shown that indium in the ( 100) MCT layer
is at least doubly ionized. This is true at least for N1, below
I x 101" cm- 3. We believe that most of the In atoms are
triply ionized and incorporated interstitially in MCr. The
other In atoms could be singly ionized in substitution on the -j. p. Fourie,. kMiojn, Lt Dock, audJ. L Tw, 3. Vac. Sci. Technoi. A 1.
metal site vacancies not already filled by the Te atoms like in 1593 (1983).
the (111 I)5B direction. Such an incorporation mechan ism of 'M- Douikerche, P. S. Wljmrmuuniya. S. livsmthau. 1. X. Sow. Y. 1.

indiumn supports a Te antisite model for explaining the favor- (1988.K.. haa.an3.PPat..Va.S.ThoLA.80
able n-type behavior on ( 100) MCr grown by MBE It also 'J. P. Fast*, Hg~de Malcular Best Epktaz Worltahop. DecoAd
agrees with the growth in the ( 100) direction occurring un- vancod Romawch Pro*et Allowy, Ceec for Night '(nac ard Electro.
der Te-rich conditions like in the (I111)5 direction. 2 These 'Opics. Wahmorn, 1917 (itopublhha resaiw).

results imply that foreign dopanta, in general, should be in- att. Dokro. 3 1 173(96 . S~C a.mi .Fua PI
corporated intersitally at least to some signifcant extent in 'IL L Vylyanainb J. UEloachmi. SOL. 32k 2619 (1911).
the (100) o ietadia. We think that Wn*rmtiu dopin by *K Bolcho, & 9miin.~ P. & Woweamumoiys. L KL So%. ediJ. P.
MBE in the (100) orientation might pre sioumits Fm. L.Vaw.ScL TecooLA%311(I960).

tion for its future electronic apliatiou Then reut an e D2.97 La(1968a). hnmi . ~. Ap hy.L
extremely important for the fibircation of MCr devices in- 4C. 0. Morpa-Poud and L. lkaoavo PhyL. St. 16616 (19113).
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111-2-2 P-TYPE DOPING

111-2-2-1 GROUP I ELEMENT: LITHIUM

Hg vacancies are easily formed in HgCdTe, therefore a Group I Element which

should be a substitute to Hg should be appropriate as a p-type dopant. Lithium

has been incorporated in MCT layers during MBE growth. We have demonstrated

that Li behaves as a p-type dopant in MBE grown Hgl.xCdxTe(100). This represents

the first successful attempt to incorporated electrically active acceptors during

MBE growth. These LI-doped MCT layers have been estimated to have very

shallow acceptor levels. The calculated activation energy was 8.3meV. Using Li

as a p-type dopant, carrier concentrations up to 8 x 1018 cm - 3 have been achieved.

At low doping levels, layers show compensation due to the residual donors from

stoichiometry deviation. The doping level in the samples can be controlled by

varying the Li cell temperature An incorporation coefficient of I and almost

100% electrical efficiency for Li in MBE grown MCT layers were observed.

In order to investigate the diffusivity of Li, a sample consisting of a nondoped

MCT layer (0.93pJm thick) on top of a LI-doped MCT layer (0.93pnm thick) has been

grown. From the SIMS profile of this sample, Li can be seen in the undoped

layer in amounts comparable to that in the intentionally doped one. This indicates

that Li is highly mobile in MCT layers grown by MBE. At this point, we have no

evidence from SIMS data that Li is diffusing in CdTe buffer layer and substrate.

In addition, some layers tested by Hall several months after growth appeared

to have been n-type converted which confirms the high diffusivity of LI even at

room temperature. This obviously comprises any electroni device application.

ATTACHED PAPER:

1. *Electrical properties of LI-doped Hgl-xCdxTe(100 by molecular beam epitaxy"



Electrical properties of Li-doped Hg,.,CdTe(1O0) by molecular beam
epitaxy

P. S. Wijewarnasuriya, I. K. Sou, Y. J. Kim, K. K. Mahavadi, S. Sivananthan,
M. Boukerche, and J. P. Faurie
Department of Physics Univenity of Illinois at Chicago, Chicago, Illinois 60680

(Received I July 1987; accepted for publication 12 October 1987)

p-type doping of HgCdTe(100) layers with lithium during growth by molecular beam epitaxy
is reported. Hall measurements have been performed on these layers between 300 and 30 K.
The Li concentration is found to increase with the Li cell temperature. Li-doped HgCdTe
layers are estimated to have very shallow acceptor levels. Acceptor concentrations as high as
8 x 10" cm - 3 have been achieved. At low doping levels, due to residual donors, layers show
compensation. Incorporation coefficient of Li close to I and almost 100% electrical efficiency
for Li in molecular beam epitaxy HgCdTe layers were observed. However, Li is found to
diffuse rapidly in HgCdTe layers grown by molecular beam epitaxy.

Over the past ten years Hg _,CdTe(MCT) has secondary ion mass spectroscopy (SIMS) technique was
emerged as an important material for infrared (IR) detector used to obtain the concentration profile of Li atoms through
technology. MCT was grown by molecular beam epitaxy the layers. Since we did not have a standard sample contain-
(MBE) on CdTe substrates for the first time in 1981.' Since ing Li we were not able to relate the number of counts from
then, this technique has produced MCT layers of either n or the SIMS to the actual Li concentration. Therefore, all SIMS
p type and of a quality comparable to the layers grown by data are given in arbitrary units, but a relative comparison is
other techniques. However, very little information exists on significant. The carrier concentration and the Hall mobility
the incorporation of foreign elements in MBE grown epitax- in the layers were evaluated by the Van der Pauw technique'
ial layers. Recently, successful n-type doping of MCT layers between room temperature and 30 IL A AuCI, solution was
with indium during growth by MBE was reported.2 Carrier used to form ohmic contacts, and the ohmicity of the con-
concentrations of two orders of magnitude more than what tacts was checked systematically. A magnetic field strength
can be achieved by stoichiometry deviation have been of 2000 G was used for the Hall measrementa.
reached for MBE layers grown in the (I ll )B orientation. Electrical measurements of the U-doped MCT layers at
Antimony and arsenic (group V elements) act asp-type do- 40 K are summarized in Table L Figure I shows the vari-
pants in MCT using other growth techniquese such as liquid ation of the carrier concentration (deduced from the Hall
phase epitaxy. But in the case of MBE grown MCT layes, coefficient) versus 1000/T(K) for three samples. A typical
both Sb and As behave as n-type dopants. In the case of freeze-out behavior cannot be seen for the larger doping lev-
(100) orientation only n-type MCT with doping levels rang- els. This happens even with mid 10" doping levels and
ing from I to mid-lO" cm- 3 can easily be produced by above. Such an effect has been reported previously for phos-
stoichiometry deviation for x < 0.35.p-type (100) is difficult phorus.' Furthermore, it can be smn fom the figure that the
to achieve for x < 0.24.' Therefore, in order to obtainp-type mixed conduction n -.p trniio region diminishes when
MCT layers in the (100) orientation, incorporation of for- the doping level increases. For the higher doping levels. the
eign elements in group I was studied. Li behaves as a p-type carrier concentration is indep sdent of tempeature, indi-
dopant, as expected. Here, we report results on Li, the first cating that electrically active aucpeon are completely ion-
impurity successfully incorporated as an electrically active ized. The total amount ofelectricmi active Li coemtration
acceptor in MBE grown MCT layers.' In this letter, we pres- in the samples was determined from the low-tpeamure
ent electrical properties of lithium-doped MCT(100) MBE carrier concentration data.
layers studied by variable temperature Hall measurements. The only layer (sample No. I) which shows the freeze-

MCT layer were rown in a Rlber 2300 ME machine out behavior has been analyzed numerically' usng the
which is designed to handle mercury. MCI layers were charge neutrality equation:
grown on 2-3 Am thick CdTe buffer layers which were de- n+N,- p+N;,
poited on GaAs( 1004ambstrates The growth was moni-
tored by reflection high-energy electron diffraction where , N+ and N'- are th concentration ofelectro"

(RHEED). The growth rate was 4-5 S 's. Li was provided holes, ionized donoM, and ionized cMeptor retvely.
by a separated effusion cell loaded with pure Li. Since it is a For the donors. complete nizatica is asumed anid the con-
very reactive material, peat care has been taken when load- OeetrI of ioniz' acto is 000n by
in$ it into the growth chamber. This was done in an inert N.
atmosphere. The Li cell temperature range was 205-280 C. -
The Cd composition in the MCr layers was detaImid at
room temperature by infrared transmission measurements where x. is the reduced accepor hed with ra to va-
and by energy dipersive spectroscopy memurements. The lence band and yr is the reduced Fa leve.
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T&.SLE 1 Eectncal n easurements oa ithium-oped MCT it ,0 K Samnples No Mnd N;o "epresent 1-.pe MIBE wi \%'7ICT 4-

Sample Thickness Cd composion .VM - .V fobility at 40 K L, ,ell temp
No. (Asm) (%) (10 6 cm) (cm/V s) C

1 1.68 25 -0.84 370 205
2 1.38 17 -- 52.00 360 219
3 2.16 20 + 200.00 330 245
4 2.18 23 -1- 800.00 330 232
s 192 21 + 440.00 340 270
6 1.00 20 - 1.00 3.Ox I'
7 6.20 19 -1.00 2.4x ICP

From the Kane model9 for nonparabolic bands, samples at 40 K does not vary drastically with the hole con-
KT /2f X"2t )" 2(2x+x,) centration. Doping levels as high as 8 x 10' cm-' were

1 . dx, achieved. At low doping levels, experimental results indicate
2m2 \2P 2

]  Jo 1+ exp(x +x-qf) a large degree of compensation in the layers. since along the

where Pis the momentum matrix element of the Kane model (100) growth orientation, only n-type MBE grown
and x. is the reduced energy gap. For the band gap E,, an MCT( 100) layers are currently achieved by stotchiometry
empirical equation is used from Ref. 10. Since the equilibri- adjustment (see Table I). This large degree of compensation
um concentration of light hole is negligible, p is the heavy- accounts for the limitation of the hole mobility at low doping
hole concentration. Parabolic band with Fermi-Dirac statis- levels.
tics is assumed for the heavy holes. Since the mixed Figure 3 shows the concentration of Li atoms in the
conduction dominates at high temperature. the concentra- MCT layers calculated from the incident flux and from
tion is deduced from the following equation: growth rate (assuming unity sticking coefficient) versus

c.c. = (p + nb)2-( -nb 2), 1000/T(K), where Tis the Li cell temperature. The carrier
where b iha omconcentration N. - Nd (extracted from Hall measure-

where b is the ratio of electron-to-hole mobility and is ven ments) and the SIMS Li counts are also plotted in Fig. 3. By
by comparing the concentration of electrically active Li atoms

b =,"/A, = T mh'/m, ,  in the layers from Hall measurements and the concentration

where m,* = 3 WEI/4P 2 , ma' = 0.63m,,* and p of Li atoms incorporated into layers calculated from the mci-

= 8 x 10-1 eV cm. " When calculating, N., Nd, r, and E. dent flux, it can be seen that there is good agreement within

were adjusted to give the best fit for the experimental carrier the experimental error. At this range of doping levels. .

concentration data. The solid line in Fig. 1 is the best fit. It - Nd extracted from Hall measurements is approximately

was obtained with No = 1. 89 x 10"1 cm-3, Nd= 1.05 X 10" equal to the acceptor concentration N., since residual donor
3 r 0.24, Eo -8.3 meV, and Cd composition concentration is of the order of 10" cm -' Therefore. this

= 25.8%. agreement is an indication that almost 100% of the Li is

Figure 2 shows mobility versus doping concentration at electrically efficient, and also that the incorporation of Li in

40 K. It can be seen that the hole mobility in the Li-doped MBE grown MCT layers is close to 1. As can be wen from
Fig. 3, the SIMS data fall on a straight line. indicating that
the number of Li atoms incorporated into the samples de-
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____________________ a p-type dopant in NiBE grown Hg, CJ, Te - '_k T-;s

represents the first successful attempt to incorporate electri-

709  Z; cally active acceptors during MBE growth. These Li-doped
C MCT layers have been estimated to have very shallow accep-

tor levels for sample No. 1, which showed the freeze-out.
108* r Z 0 The calculated activation energy was 8.3 meV. Using Li as a

Z~ P-type dopant. carrier concentrations up to 8 x 10" cm 3

1017 15 hav beenachieved, A low doping levels, layers show corn-
j ~ pensation due to the residual donors from stoichiometry de-

~ ~ ~ viation. The doping level in the samples can be controlled by
1016 - 164varying the Li cell temperature. An incorporation coeffi-

10151103 cient of I and almost 100% electrical efficiency for Li in

16 .7 1.5 1.9 2 MBE grown MCT layers were observed. However, the
SIMS profile indicates that Li is highly mobile in MIC lay-

10O0IT(K) ers. This represents a limitation in the use of this element.

FIG. 3. Li counts (<)) obtained by SIMS in the layers. YV. - N, (cm') especiay for abrupt heterojunctions.
from Hall measurements (C) and Li concentration (cm-3) calculated We wish to acknowledge G. Monfroy for performing
from the incident flux (A) vs reciprocal of the Li cell temperature. the energy dispersive spectroscopy measurements for some

of the samples, and Z. Ali and A. Farook for their technical

crem eponntillywit th reiprcalof he i cll em- assistance. This work was funded by the Defense Advanced

crasue expeNtially wiha the eirclowet Li cell tern- Research Project Agency and monitored by the Air Force

perature. Sae N1 hi cht haagedsctealowetw Licelt Office for Scientific Research under contract No. F49620-

concentration as calculated from the incident flux and as 87C02

measured from Hall measurements. This discrepancy is due
to the compensation in the layers because the level of electri- 'J. P. Fauna and A. Million. J. Cryss. Growth 54. 582 (1931)

cally active impurities( Li) is not much larger than the in- 2M. Doukercbe. 3. Rena. I. IL Sou, C. Hsu, and J. P. Faunae, Appl. Phys.

trinsic donors. Lems 48. 1733 (1986).
'P. Capper. J. Cryst Growth 57. 230 (1932).

In order to investigate the diffusivity of Li, a sample 41. P. Fauinie, DARPA It- VI Materials A Processing Conference. Wash-

consisting of a nondoped MCT layer (0.93 Aim thick) on top inpton. April 1937 (unpublished results)

of a Li-doped MCT layer (0-93 ym thick) has been grown. 11. M. Aria. S. IL Shia. J. T. Cheum S. Sivananthan J. Reno. and I P

From the SIMS profile of this sample, Li can be seen in the Faie, J. Vac. Sd. Technol. A 5. 3133 (1987).
6L. J. van der Pamw Pbilp Tech. Rev. a12=0(1958).

undoped layer in amounts comparable to that in the inten- 'H. R. Vydyanth, R. C Abbot. and D. A. Nelson. J. Appi. Phys. 54. 1323

tionally doped one. This indicates that Li is highly mobile in (1933).

MCT layers grown by MBE. At this point, we have no evi- IM. Doukerche, P.S. WiJewarasuriys J. Rema 1. K. Sou. and J. P Fauna.

dence from SIMS data that Li is diffuising in CdTe buffer J. Vac Sci. TechnoL A 4.2072 (1986).
'L.0. Kane. J. Phys. Chem Solid,1L249 (1957).

layer and substrate. 'OE Fonkmmn and I. L. UScim J. AppI. Phys. 34 23% (1934)

In conclusion, we have demonstrated that Li behaves as "E. Finkman. 3. AppI. Phys. 54 1883 (1933).
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111-2-2-2 GROUP V ELEMENTS: ARSENIC-ANTIMONY

1. As doping: Photo assisted MBE growth

It has been previously been shown that under regular MBE growth conditions

As and Sb are incorporated as donors in HgCdTe. Exposure to a U.V. Xenon

Lamp of 1 kW Increased the ND-NA level when As was used.

Howevpr, report it was not concluded that As or Sb cannot be incorporated

as p-type dopants in MBE grown layers. But it was clear that it was not a problem

easy to solve. In order to find out the proper conditions to incorporate, if possible,

the As in the p-type site a Nd-YAG pulsed laser operating at 0.523pm was used

during the growth process.

Numerous experiments were carried out. For the sake of clarity only some of

them are reported in Table I.

TABLE I

Photo assisted MBE growth

Nd: YAG LASER - Green light

Growth Temperature

Sample x t(pm) Growth rate cc(cm- 3 ) Laser TAs
layer HgTe CdTe power

mw/cm2

CZT48HCTB59 .245 2.57 7.14 5.39 1.75 n-9.10x10 1 6 160 150

CZT49HCT660 .240 2.58 7.17 5.45 1.72 n-2.80x101 6 0 150

CZT50HCT661 .300 2.18 6.06 4.25 1.81 n-1.12x10' 500 175

CZT52HCT663 .230 - n-3.5Ox1 01 0 175

CZT51HCT862 .280 2.25 6.25 4.50 1.75 n-2.65x10' 500 150

CT277HCT685 .260 2.94 6.53 4.84 1.69 n-1.22x10' 0 125

CZT69HCT686 .270 3.02 6.71 4.90 1.81 n-1.45x10' 25 125

CT278HCT687 .265 3.02 6.71 4.92 1.79 n-7.24x10' 50 125

From Table I it is clear that with or without the laser light during MBE growth

As behave as a donor In HgCdTe layers. In fact, with the law It has been

observed a decrease of the Hg sticking coefficient. At low power the Hg vacancy
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density Increases, which enhances the p-type character. At high power, not only
the stolchlometry but also the composition x changes. In the presence of arsenic
during growth the n-type character observed without light In the (111)8 orientation
is in fact enhanced because more Hg vacancies are available for As atoms.

These experiments, however, cannot completely rule out the possibility of
incorporating As in the right site. A lower growth temperature, a higher Hg flux,
a different crystallograohic orientation or a different laser (cw for example) have
to be investigated before making any definite conclusion.

From the work achieved In the Microphysics Laboratory and In other institutions
it appears that p-type doping Is not yet under control in MBE grown MCT layers.
Isothermal annealings at temperatures beteen 200 and 3500C also kept the samples

n-type showing that the doping mechanism was stable.
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IV HOMOJUNCTIONS AND HETEROJUNCTIONS GROWN IN SITU

IV-1 HETEROJUNCTIONS

isotype n-N abrupt heterojunctions where grown in situ by MBE on CdTe(-

111)//GaAs(100) combination substrates. The first devices tested had x = .18 on

the bottom and x = .26 on the top. All the electrical and optical characteriza-

tions were consistent with the presence of narrow and strong composition burst

right at the interface. The RoA was limited by the wide-gap side (see attached

publication #1

The later devices grown with care to avoid the problem had drastically different

behavior. The compositions where slightly higher on both sides: x = .22 for the

bottom and .28 for the top. Strong rectification was seen with quality factors

varying from 2 at high temperatures to 2.5 at 80K . The forward bias occurred

when the top material was biased negatively. One device had an RoA as high as

10 Qcm 2 at 80K, but this value was only seen once. In the average it typically

reaches 103 at 80K. The activation energy of Is/T2 varies from .1eV at high

temperature to .06eV at 80K. the spectral response shows a maximum at 81m

wavelength, without sharp peak at short wavelength as before. The capacitance

measurements are unreliable since the top material thickness was as small as .5pm,

and the top contact is suspected to have a smaller area than expected. A low

current density 10- 2 A/cm2 can blow the devices opened. These measurements are

consistent with a Schottky type behavior at the heterojunction, most of the

depletion occurring in the wide bandgap material, which is limiting the RoA.

Thermionic emission Is not the only process involved in the transport since the

quality factor is higher than 2. This renders the barrier height determination

unreliable, even If it seems consistent with the expected bandgap difference

between the two sides.

Unfortunately, the device performed like a metal semiconductor Schottky

diode where the metal would be the degenerate narrow-bandgap material. A low

quantum efficiency Is expected from such a device.

ATTACHED PAPERS:

1. "Mercury cadmium telluride n-lsotype heterojunctions grown in situ by molecular

beam epitaxy.*
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2. "Mercury cadmium telluride junctions grown by molecular beam epitaxy
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Electrical characterizations of the first n-.N HgCdTe heterojunctions grown in situ by molecular-

beam epitaxy are reported. The cadmium concentrations of the two materials are 0.18 for the

bottom layer and 0.26 for the top. The measurements by Hall, IV, CV, and spectral responsivity

are consistent with the existence of a conduction-band barrier at the interface behaving as an

insulator at low temperature. We suggest that transient effusion cell fluxes occurring during

shutter sequencing created such barriers at the heterojunction interfaces during the growth. The

high RoA (600 fl x cm 2 ) measured suggests that this effect might be of interest for future

heterojunction gate field-effect transistor investigations.

I. INTRODUCTION er could explain their low barrier height value. We suggest

The Hg, _. ACdx Te (MCT) ternary alloy is currently the that interdiffusion effects might have played an important

most important material for infrared applications in the role. In any case, most of the band-gap difference should

8-12 pm wavelength range. It is also used for the 3-5/jm appear in the conduction-band discontinuity.

window and considered for the optoelectronic range. This The molecular-beam epitaxy (MBE) technique is now re-

material can be grown for any cadmium composition x cognized as a possible choice for the growth of MC on

between 0 and I, and can then be considered as a solid solu- . dTe and Its low growth temperature (190 "C)
tion. The corresponding forbidden energy gap can be varied minim the interdiffusion effects and allows abrupt inter-

continuously between - 0.22 and 1.6 eV at 80 K. These faces to be produced in thin epitaxial layers like superlat-

unique properties plus the fact that the lattice mismatch tices. Several abrupt n-isotype heterojunctions between two

between the extreme compositions is only 0.3% make this narrow-band-gap compositions were grown for the first time

ternary semiconductor material very attractive for hetero- in order to observe the transport properties of the electrons

junction investigations. The main motivation for such stud- through the expected conduction-band discontinuity on the

ies is to improve existing detector performances by tailoring wide-band-gap side. We present here the characterization of

wavelength response, decreasing parasitic currents, and in- mesa devices fabricated from these first samples.

creasing minority-carrier collection efficiencies.
LoVecchio et al.' studied the case of back-to-back MCT II. EXPERIMENTAL

(x = 0.2)/CdTe heterojunctions. They concluded that a va- The junctions were grown on CdTe( Ill )//GaAs ( 100)

lence-band barrier was present in the devices. n/p MCT substrates with a Riber 2300 system modified to handle mer-

heterojunction photovoltaic devices were demonstrated by cury. Both sides of thejunction were doped n type with Lndi-

Bratt.2 In certain cases, barrier formation was also reported. um as previously described." The narrow-gap side was first

Both groups used the liquid phase epitaxy (LPE) growth made with a thickness of 2 to 3M m before the growth condi-

technique and reported substantial grading and/or diffusion tions were abruptly changed to produce the wide-gap mate-

at the interfaces. Vydyanath et al.3 showed that such effects rial up to a thickness of 1.0 pro. The substrate temperature

could actually be profitable since they presented exceptional was kept at 190 "C all along the growth. The composition of

LPE grown MCT lieterojunction detector performances. the narrow gap was determined by infrared transmission

The possibility of including semimetallic, semiconduct- measurements at room temperature. Its doping level 4 x 10 "

ing, and semi-insulating materials within the same mono- cm - 3 was deduced from the Hall measurements neglecting

crystal could lead to important technological applications the contribution ofthe widegap side. This was relevant since

The abrupt heterojunctions between these materials have to the doping level was intentionally lowered during the

be further studied. growth of the x = 0.26 materiaL The composition and dop-

Kuech and McCaldin' reported characterizations of ing ( - 5 X 10s cm -3) of the top layer was estimated from

HgTe layers grown by the metalorganic chemical vapor de- the growth conditions on separate runs. To check the doping

position technique at 325-350"C on n-type CdTe. A level, metal-insulator-semiconductor (MIS) structures

Schottky barrier behavior was seen, with a maximum barrier were fabricated with gold and zinc sulfide on a different

height of 0.92 eV. piece of the sample. The high-frequency capacitance versus

The validity of the common anion rule for the voltage curves were measured at 80 K and 100 kHz with In

HgTe/CdTe system has been questioned recently.5 The re- LCR 4275 from Hewlett-Packard. The classical MIS calcu-

ported values of the valence-band offset vary from 40 meV lation 2 was used to deduce the impurity level from the mini-

(Ref. 6) to 350 meV'" depending on the technique used. mum to maximum capacitance ratio, where the minimum

The above workers' mention that inversion in the CdTe lay- capacitance was calculated using the approximation of Ref.

2119 J. Vms. "d igelnhL AU (I), Sep/Os 1367 074-21011/10631 1-061AS ci) 1a67 A011181 VasuAM 1seIdy 210
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FIG. 1. Structure of the devices. sleg Voltage (V)

FiG. 3. Semilog plot of the 11V curves when the top material is biased
negatively.

19. The doping level deduced was within a factor of 2 from
the.-rowth estimated value. The devices were made by stan-
dard photolithographic techniques and mesa etching. The be simply described as showing double soft reverse break-
metal was evaporated over the zinc sulfide passivation down at low temperature. The current is proportional to the
opened for contacts. Their structure can be seen in Fig. 1. voltage at low bias, and tends to a power of the voltage law
The geometry is circular to minimize edge leakage but is (2-3) above 50-100 mV. A semilogarithmic plot of these
obviously riot optimized for detection applications. The curves is shown in Fig. 3 for the forward bias case. Notice
junction area is 7 X 10-' cm'. More than 150 dots were that their slopes are nearly independent of temperature. The
tested from 300 down to 80 K with a microprobe station R OA values could reach 600 11 cm' at 80 K on several de-
from MMR Technologies, Inc. The probe connected to the vices, showing that the active part of the device is on the
top contact was positioned on the metal part overlapping the wide-band-gap side. Its variation as a function of I/T can be
zinc sulfide to avoid piezoelectric effects. The current versus seen in Fig. 4 in reverse bias. At high-temperature it follows
voltage measurements were made with an electrometer/vol- an exponential law in a limited range only, and tends to satu-
tage source model 617 from Keithicy, modified to generate rate at low temperature. The corresponding high-tempera-
5-mV steps. All the data acquisition was computerized. ture activation energies are systematically higher in reverse

bias ( -105 meV) than in forward bias ( -80 meV). The
Ill. RESULTS I/ V curves were fitted by the least-square method to the

The current versus voltage curves measured can be seen in equaItion
Fig. 2. They are representative of the average of the devices I=1(x[( -1'/O 1
measured. Very weak forward rectification occurs when the =I{x((V R 1 0  } 1
top wide-band-gap material is biased negatively. They could where!I is the current density, 1, the saturated current den-

10 SIASIVW 1: 3010
2: 3.100

- ' 23: 0.200
3 4: 0.300

0 

3! .44

lo 0724444

3 4.00 5.00 6.00 7.00 6.00 10.00 K1.0'2.00 '3.00 14 00
9" VWTN n"

FIG. 2. Currmt/voltae curve vs tempiftumS Positive volme; corws- EWOATIRTa (00 h

spond to nqautve bias on the eop matmniai. Temperaturs: curve 1: 235 & 2: FIG. 4. Variation of the dc resistance of the dvice with reciprocal tempera-
169 IL : 132 K.4: 109 K.5: 92 K.and 6- 80IL ture.
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sity. V the bias voltage, R, the series resistance, and V, the thermionic emission. When kT<gE, field emission (or tun-
voltage defining the slopes of the curves. The precision of the neling from energies close to the conduction band) is the
parameters extracted was only questionable close to room dominant transport mechanism. Both types of electron
temperature where the devices showed an ohmic behavior, emission have to be considered when kT-Eo. In our case
Below 150K, Vo was found constant and equal to 145 and 80 ND = 5 x 10"s cm -', and forx = 0.26 at T = 80 K. the rela-
mV in reverse and forward bias, respectively, and R, was tive electron effective mass and dielectric constant are taken,
negligible. Vo was increasing with temperature above 150 K. respectively, as 1.4 X 10 -' and 16.9. The value of Eo is then

A typical capacitance versus voltage curve is shown in 2.66 meV, much smaller than kT = 6.9 meV. The fact that
Fig. 5. It clearly does not follow the classical Schottky diode thermionic conduction is not seen in forward bias, together
depletion model but rather a metal-insulator-semiconduc- with the capacitance measurements results, make us con-
tor device behavior. The frequency dependence is small. The clude that a large conduction-band barrier is present at the
admittance curves correlate the slope variation of the dc cur- heterojunction between the two materials. This is in agree-
rent/voltage measurements. ment with the spectral response measured on one device in

small reverse bias at 80 K, showing a wide response in the
IV. DISCUSSION 3-6 pm range and a peak more than three times higher in

The lack of strong rectification implies that thermionic amplitude at 1.9-pm wavelength. The root square of the pho-

emission is negligible. TLe current transport is limited by toresponse is shown versus wavelength in Fig. 6. The low-

some form of tunneling since it varies as exp( /V O) inde- energy tail was close to the noise floor and was separated
pendently of temperature below 150 K. These properties are from the response of the x = 0.26 material by more than I

systematic for all the devices on several crystals, and are not um. The measurement was made under vacuum with a glow
resulting from a marginal contact process on the top contact bar infrared source, a monochromator, and a lock-in ampli-

which could create back-to-back Schottky diodes randomly. fier. The curve was corrected for blackbody radiation and
Furthermore, a sharp minimum in capacitance close to zero grating dispersion. It can be interpreted as internal photoe-

bias should be seen in this case. ' Schottky barrier lowering mission from a conduction-band barrier 0.56 eV abovi- the
with biasing voltage is not detected since the current should Fermi level (being degenerate in the narrow-band-gap mate-
vary as exp(a V "4/7), 2 and Vo should be a function of tem- rial). The TFS theory predicts that the current/voltage rela-

tion should be of the form '4

perature even at 80 K.

,hese results have similarities with the theory of ther- I = I, exp(q VIEo)
mionic field emission across Schottky barriers (TFS). " The at high enough voltages, whereE 0 = EOO coth(E,1k T) and
ratio kT/Eon is an estimation of the relative importance of I, is a function of T, the barrier height, the doping level, and
the thermionic and field emission processes, 5 where k is the is a weak function of the bias. Eon has been previously intro-
Boltzmann constant, T the absolute temperature, and Eo0 duced.
an energy defined as Since Eo = 80 meV below 150 K in our devices, we can see

Eo = (qh 4n) (NDlm*e) 12, (2) that the rise in Eo above this temperature cannot be account-

where q is the electronic charge, h the Planck's constant, ND ed for by the TFS theory. Tunneling through a high and
the donor concentration in the semiconductor (in our case
the wide-band-gap side with x = 0.26), m* and e the elec-
tron effective mass and the static dielectric constant in the 6.00
same material. When kT-Eon the current is mainly due to

5.00 - 80 /

18 # 27495 C 4.00 -

16 80K c3 0

14 L100KIZ !30

~12,
I 2.00 - 274863 10 c
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Flo. 5. High-frequency capacitancu/voltags curve at low temperanture. FIG. 6. Root square of the spectral 1upo 1of the device vs pboloneernegy
Pontve voltaes correspond to poUtive bias on the top matana. Only the Wh-enerl tad is sown.
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1 J the tunneling process by itself. The current density is gii, en
4 80K by

2 2 l -- (lR ° ){ (( D. - V/2)exp( -A jObs - V/2)

,- (-(V + V/2)exp( -A4W. _+V/2)}

0 o with A =4ldV'2m, q/h,
- R o = (2l[hd 2/q) (mi/m),

-2, 1 V<09, d is the thickness of the barrier, 0, the barrier
-3 - height, V the bias, h the Planck's constant, and q the elec-
- I tronic charge. m,* and m,. are the electron effective masses

__.. . . . . . . ._ I in the insulator and the metal electrode acting as the cath-
- 28 -. 21 -.14 -.07 0 .0 .14 .21 .28 ode, respectively. Ro is not to be confused with the zero bias

Distance trm junction (urn) resistance of the device.

The effect of barrier height lowering is not considered

FiG. 1. Calculation of the assumed band profile of the structure at zero bias. since it could not be detected from the measurements and the
Parameters used: mpm,/m o = 0.44, doping left-hand side = 5 x 10

' 
cm -, barrier height is expected to be large. The fact that the curves

doping right-hand side = 4 x 10'6 cm-', Cd composition left-hand in Fig. 3 are nearly symmetric is consistent with this model.
side - 0.26, Cd composition right-hand side = 0.18. Cd composition at the The low-temperature curve of Fig. 3 was fitted in reverse bias
barrier peak = 0.6. AE, = 0.15 x AE,. T = 80 K. since the tunneling is less affected then in forward bias by the

actual barrier profile on the wide-band-gap side. 1)8 and d
where adjusted to produce the results shown in Fig. 8. The
following effective masses have been used: mi/m o = 0.058

sharp barrier is the suspected dominant transport at low T. and mt /mo = 0.0039. It can be seen that the best fit occurs
Only a minor contribution to the current is due to band for 0, =0.55 eV, in excellent agreement with the optical
bending change with bias in the x = 0.26 material. As will be result. The average matching barrier thickness is close to 110
discussed later, we think that the barrier resulted from A.
abrupt composition change during growth. Its actual con- The capacitance measurements can be interpretec as fol-
duction-band profile is expected to be much steeper than the lows: the diode is essentially behaving as an MIS where the
parabolic potential approximation made in the TFS theory. narrow-band-gap material is the metal electrode and the bar-

A Poisson solution of the expected band profile of the rier is the insulator. The top semiconductcr with x = 0.26 is
device at 80 K is shown in Fig. 7. An abrupt Cd composition then seen n-type in depletion at zero bias. Calculation of the
increase up to x = 0.6 was assumed right at the interface, low-frequency differential capacitance of the structure
followr I by a sharp exponential decrease down to x - 0.26. shown in Fig. 7 was attempted using the same type of calcu-
The minimum barrier thickness was set to be 100 A. The
valence-band offset between two different composition ma-
terials was assumed to be 15% of their band-gap difference.
A heavy-hole effective mass independent ofcomposition and
equal to 0.44 has been used. The calculation is made with the T-02

relaxation method, using the two-band Kane" model and
assuming fully ionized dopants without diffusion effects at IE_03

the interface. Degeneracy is included. The details of this cal- 1105

culation will be presented elsewhere." We can see that the ,,

Fermi level on the left-hand side is within I meV of the con-
duction band, whereas the narrow bandgap is heavily degen- -
erate, the Fermi level lying 45 meV above the conduction
band.

This structure basicaly looks like a metal-insulator-sem- U IE-0s

iconductor device as suspected from the capacitance mea-
surements. The semiconductor with x = 0.26 is weakly de- I-oe

generate. The use of a metal-insulator-metal tunneling 0. 0.03 0.06 0.0012 0.15 0.18 0.21 0.24 3.2?

model could be appropriate at low temperature where we *1v y w
established that tunneling transport is dominant We used
the model developed by Simmons" for its simplicity, modi- FRo. S. Fnng oftheSimmo -mode tot elow-tememrecurveof Fig :
lying it slightly to make provision for different effective The top material is bas postivtly. Parameter used:

m in the metal and the insulator. It assumes a rectangu- 0, ev) d (A)

lar barrier and is restricted to low temperatures where the Curve 1 0.45 119
tunneling is independent of temperature. We did not use it in Cu-Ve 2 0.55 109
the drs pl'e since it cannot demonstrate the existence of Cuve 3 0.65 101

.1 ViS met i11,".11.1611iL .VO " I1."t0117311 - ""
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The burst in composition which occurred at the interface
*27495 is linked to the transient flux response of the effusion cell

1 opened during the growth to increase the cadmium content
2 ~of the top layer. When the shutter is closed, the cell has a

3 higher quasiequilibrium pressure than with the shuttera opened. This study shows that with the particular geometry
0 2 used the time constant required by the cell to change from

the closed to opened stable conditions was in the order 8 s.
Once detected, this problem can be avoided. Recently grown
devices trying to avoid this effect give credit to this hypothe-

01 sis and will be published later.

.8 -.6 -.4 -.2 0 .2 .4 .6 .8 V. CONCLUSION
Sias Voltage (VIWe showed that the electrical characterizations of the first

FIG. 9. Relative capacitance vs voltage curves. Curve 1: second measure- abrupt n-isotype heterojunctions made by MBE were consis-
ment ofthe CV data shown in Fig. 5. r = 80 K, 100 kHz. Curve 2: measure- tent with the presence of a sharp burst in composition at the
ment of the same device with the same frequency. r = 160 K. Curve 3 = x heterojunction interface due to the growth conditions.
Low-frequency capacitance calculation at 80 K. Same parameters as in Fig. The measurements and the calculations presented are in

7. agreement with the presence of a valence-band offset
between the barrier material and the adjacent layers. When

latin a beoreandthesam parmetrs.Thequai-Frm, extrapolated liearly to the HgTe/CdTe case, the value as-
latin a beoreandthesam parmetrs.Thequai-Frmi sumed is in agreement with the recently published studies.

levels on each side of the heterojunction were assumed to be The high R0,4 values obtained even for a narrow-gap compo-
constant, their difference being abruptly accommodated at sition x = 0. 17 could be of interest for future gate field-effect
the interface. The result is shown in Fig. 9, together with tranistor investigation.
measurements made at 80 and 160 K at 100 kHz on the same
device. We can see that an accumulation plateau occurs be- ACKNO WLEDGMENTS
low - 0.2 V. Its magnitude is much smaller than the capaci- Ti okwsfne yDRACnrc otance of the pseudoinsulator alone. This is due to the onset of ThI0,Sok0 .wa Ofnded byu(. DR ) Ca oa c o.-
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The characterization of n-isotype mercury cadmium telluride heterojunctions made in situ by
molecular-beam epitaxy is reported first. The cadmium composition of each side is 0.3 for the top
material and 0. 21 for the bottom. Both sides were doped with indium. Strong rectification with an
ideality factor varying from 1.8 to 2.5 is shown. The forward bias occurs when the wide-band-gap
material is biased negatively. The preliminary results of the first homojunctions made by the same
technique are then presented. The cadmium composition was 0.27. The bottom p-type material
was doped by stoichiometric deviation, whereas the top n-type material was doped with silicon.
The device is sensitive to infrared radiation and it is found that the doping concentration is not
uniform. We suggest that generation-recombination is limiting the device operation at high
temperatures.

I. INTRODUCTION observed previously at the heterojunction interface,3 the dis-

In recent years, the mercury cadmium telluride (MCT) al- tance between the cells and their shutters was increased.

oy has been recognized as the most important material for Mesa devices were then made with In contacts and ZnS pas-

midinfrared applications. Its tunable band gap is also consid- sivation. The top contact area was 10 cm2.The processing
ered for near-infrared detection. Modem technologies to temperature never exceeded 60 *C.

manufacture high-density array detectors require large As seen in Fig. 1 strong rectification was observed. For.

high-quality epitaxial materials. The growth technique most ward conduction occurred for a positive bias applied to the

commonly used industrially today is liquid phase epitaxy. narrow-band-gap material. The average RoA of the 30 de-
Molecular-beam epitaxy (MEE) is one posibre alternative vices measured reached 03 flxcm2 at liquid-nitrogen tern-

since it has been shown that MBE is able to g perature" Avaluf 10' fXcm2 wasobservedo n e device.
quality material.' Furthermore, excellent uniformities in We conclude that the device operation is limited by the wide-

composition and thickness along with uniform properties band-gap material where most of the depletion occurs. The

have been obtained for MCT epitaxial layers on 2-in.-diam I/ Vcurves were least-squares fitted at each temperature to

GaAs substrates 2 The key issue now is to qualify the MBE the usual following diode equation. Series resistance had to

material through device characterization. The demonstra- be included since it is unavoidable in such thin devices and

tion of in situ doping and junction formation, without an- low doping levels.

nealingtreatments, is a very important contribution towards 1= I{exp [q(V- R,I)/nkT] - 11, (I)
this goal. We reported last year unexpected barrier forma- where I, is the saturation current, R, the series resistance. n
tion in the first n-isdtype abrupt het u 3 We will the ideality factor, I the current density, V the bias. k the
show here that such effects can be avoided. Strong rectifica- Boltzman constant, q the electronic charge, and T the abso-
tion is then observed. We will also present the fiM results on lute temperature.
homojunctions doped in situ with silicon.

II. HETEROJUNCTIONS
N-isotype abrupt heterojunctions were grown on 04 i s TIME

CdTe(Ill)/GaAs(10) combination substrates as pre- A&,ma) si.sl
viously reported. The CdTe buffer layer was 2.2 pm thick.
The narrow band-gap layer was then grown with a cadmium
composition X = 0.21 and a donor concentration of 4 X 10'
cm - , as determined by Hall measurements. When the
MCT material thickness reached 3 pm, the Cd content was
abruptly increased to 0.30. This final layer was then grown .,
with a thickness of 0.5 /Am. Its donor concentration is not
precisely known but is estimated to be in the low 10"5 cm- 3 * ,
range from the growth conditions. Both sides of the junction gVp ds

were doped with indium as previously reported.' The other
effusion cells used contained Te, CdTe, and Hg, respectively.
The substrate temperature was maintained at 190 "C and the
growth rate was 5-7 A/s. To avoid the composition burst Ftc. I. Current vs voltip curve o( the beterquncton device-

2622 J. VaL. So. Telmwol. A 4 (4), Jul/Aug 1114 0734-21011//0426223 0.4IA00 ) IM eadct Vassum Selety 2623
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0 more than 0.3 um in the wide-band-gap material. This is
very close to the top contact position. The bamer height

10 Sample 47266A between the top of the spike and the Fermi level is 104 meV.
The spectral response of one device reverse biased at 50 mV

i .is shown in Fig. 4. A maximum is seen at 8-pm wavelength.
lO-2 ~It can be noticed that the photosignal does not seem to follow

the usual internal photoemission theory on the cutoff side of
Sio - the curve. The photoresponse signal displays a tendency

F towards a more linear relationship with the photon energy.

"4[ This could be due in part to a photoconductive contribution
10 7 of the series resistance around the mesa. The narrow-band-

gap side near the heterojunction is believed to be heavily
10- 5 degenerate at 80 K, in strong accumulation (see Fig. 3). The

3.00 s.00 1.00 9.0o 11.00 13.00 energy distribution range of the photoemitted electrons is

Reciprocal Temperature (1000/T(K)) then limited to a few kT. This situation can lead to a linear
relationship between the photon energy and the photosig-

FIG. 2. Variation of the current prefactor I, in Eq. ( I) with the reciprocal nal.' A linear extrapolation of the experimental curve in the
temperature. cutoff region would then give a barrier height 6, equal to

130 meV. The device looks like a metal-semiconductor
Schottky diode' where the metal would be the degenerate

The quality of the fitting was excellent at all the tempera- narrow-band-gap material. However, the equivalent barrier
tures with four decades of forward current variation. Its reli- height, i.e., the energy difference between the top of the spike
ability above 200 K was questionable since the curves were and the Fermi level, is a function of the bias. Anderson 6

basically Ohmic. The ideality factor n varied from 1.8 at 200 showed that an ideality factor > I is expected, and that the
K to 2.5 at low temperatures. The activation energy of 1, was reverse current should not saturate. The builtin potential is
consistently close to 125 meV at high temperatures. whereas 26 meV on the narrow band gap and 93 meV on the other
at low temperatures it decreased to around 80 meV depend- side. At low forward bias the ideality factor should be close
ing on the device tested (Fig. 2). Capacitance measurements to 1.28. The fact that n equals or exceeds 2 makes us con-
are believed to be unreliable since series resistance could not clude that thermionic emission is not the only transport in-
be neglected and the top material thickness was very thin. A volved, even at high temperatures. This is also supported by
calculation of the expected band profile of the heterojunc- the following argument. The variation versus temperature of
tion is shown in Fig. 3. The method used has been previously 1, deduced from the fitting to Eq. (1) closely matches the
described.' We assumed a valence-band offset equal to 10% variation of the current measured at low forward bias. Ac-
of the band-gap difference between the two sides at 80 K, and cording to the Anderson' model, at fixed low voltages, the
doping levels of4x 10"s cm- 3 and 2 X 10 "cm in the nar- current should vary as T 1/2 exp( - qV 0/kl , where Tisthe
row- and wide-band-gap sides, respectively. (If the valence- absolute temperature and VD is the electrostatic potential
band offset would be taken as 20% of the band gap, the drop across the wide-band-gap material side. The calcula-
phenomenologic discussion which follows would not be tion shows that VD, at zero bias, should decrease when the
changed.) This calculation gives a depletion layer thickness temperature increases. For example, it should be approxi-

mately equal to 40 meV at 250 K. This is in contradiction
with the measurements since the activation energy of! / T' '-

.16

T - IOK 90
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FIG. 3. Energy banld profil calculated ror the heterojunction. Two-dimen- Weveleflgth llmi
sional quanhizaion hasl been neglected. The energy referenc is the Fermi
level. FIG. 4. Spectral response of the beterounction at 80 K.
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is equal to 120 meV at high temperatures. 6
We suggest that generation-recombination mechanisms "s 

in the x = 0.3 material play an important role at high tern- E 4
peratures. Tunneling effects are expected at low tempera- .<

tures in such narrow-band-gap materials, they are certainly
responsible for the increase of n to 2.5 at 80 K. However, the 010 0
slope of log 1 / Vstill increases down to this temperature, and -l
another transport process is still present. If thermionic emis- -2
sion is the main relevant mechanism in the intermediate tern -3- 559036

perature range, the activation energy of1, (82 meV) would -4 r-80K
be in reasonable agreement with the calculated value of VDZ) -5
(93 meV). -6,

-. 15 -. 1 -. 05 0 .05 .1 .15

I1. HOMOJUNCTIONS Voltags(v)

The epitaxial layer was grown on CdTe( ll1) / FtG. 6. 1 / Vcurve of the homojunction at 80 K. with and without illumina-

GaAs(100) substrate at the same temperature as before tion from a blackbody at 600 K. The room-temperature background field of

(190 'C). The stoichiometric conditions were adjusted to view is 180.

produce p-type material with a thickness of 4.2 yrn. The
silicon n-type doping flux was then added on the crystal dur- 600 K generates a reverse photocurrent. The variation of
ing the remaining 1 m material grown subsequently by RoA versus temperature in Fig. 7 follows a constant slope at
opening the corresponding shutter. The other growth condi- high temperatures, and progressively saturates down to 90
tions were identical to the ones reported above. Hall mea- K. decreasing slightly thereafter. At liquid-nitrogen tem-
surement of the layer as grown gave an n-type doping level of perature, the device is expected to be limited by tunneling
5 x 10" cm- 3 in the top material neglecting the contribution and edge leakage since no passivation was used and the
of thep-type material. This was relevant since this measure- structure is not gated. Also, the field of view of the room-
ment showed an n-type fully ionized behavior below 250 K temprature background was 1W, so the value of RoA is not
(flat curve). After etching of the n-type material, the same entirely limited by the junction material. Since the n-type
technique showed that the remaining material was p type material is degenerate at 80 K, most of the depletion layer
with a level of 2 X 10 cm '. Freeze out was present down to should be on the p side. At zero bias the capacitance is 30%
the lowest temperature measured (28 K). The cadmium smaller than expected from the doping levels. It decreases
composition was determined at room temperature by Four- with reverse bias but 1/C 2 does not folow a straight line. We
ier transform infrared (FTIR) transmission measurements. conclude that the doping is not uniform, and that the silicon
The value calculated for an absorption coefficient of 1000 probably diffused in thep side. The I/V data were fitted to
cm-' was X =0.27. Mesa devices were subsequently pro. Eq. (1). The ideality factor varied from 2.1 at high tempera-
cessed at low temperature (below 65 C). The n- and p-type ture to 3.0 at 80 K. Since the same time RA4 varies nearly as
materials were contacted with indium and gold, respective- 1/n,, where n, is the intrinsic carrier concentration, we sug-
ly. The area of the devices was 1.SX 10- 4 cm 2. The I/V gest that generation-recombination currents in the deple-
curves in Fig. 5 were measured with a cryogenic probe sta- tion region could be dominant above 160 K.' Further analy-
tion. They show good rectification, forward bias occurring sis of these devices will be published elsewhere.e
when the top n-type material is biased negatively as expect-
ed. We can see in Fig. 6 that illumination by a blackbody at

05H

.05

o 11 ,

.16 .0s 0 -. 08 -. is , 5 5 ' o 0 , ',
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Flo. 7. Variation of the zero bias resistance of the homojuncton vs recipro-
FG. 5. Current vs voltage curves for the homojunction device. cal temperature. Background eld of view is 1W.
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IV. CONCLUSION process suggested and also why the diffusion limited regime
The Amrs rectifyingl MCT devices made in situ by MBDE is not observed in the homojunction at high temperature.

hive been described. The previous composition burst during ACNWEG NT
heterojunction formation could be eliminated by proper ACN LDG NS
growth conditions. The strong rectification measured shows The technical help of Z. Ali and S. Farook was greatly
tLat the conduction-band discontinuity is abrupt, and that appreciated. This work was funded by DARLPA under Con-
the interface state density between the two materials is negli- tract No. F49620-87-C-002 1. One of us (NIDS) is also sup-
pocle. ported by a scholarship from C. N. Pq, Brazil.

The homojunction presented also showed strong rectifica-
tion and generated a photovoltaic current upon infrared illu- 'S Siewh M. 1). Laqe 0. Mon"ro, and J. P. Faur*e J. Vac. Sci.
mination. Technol. B34 788 (1988).

These preliminary results are intended to represent a first 2M. D. anMe S. Sivananhan X~ Chu, and J. P. Faurte AppL Phys. Lem.
step in the understanding of in situ junction formation using $2, 978 (11).
the MIBE technique. All the native defects are still present in IM. Doukercbe. [. K. Smu K. De Soon. S. Yoo, ad J. P. Faur*, J. Vac.

S& .TechnoL A5, 3119(1987).the material since it is not annealed under mercury pressure, 4M. Bukerche. I. Reno, L K. So. C Hu. ad J1. P. Faurie. Appi. Phys.
as is commonly the case for ex situ made junctions. The con- Len. 48,1733 (1986).
trol of doping is also a very difficult task to achieve in this 111- 'R. WHIliams. Semionductsm cad Samdmeta (Academic, New York.
VI ternary alloy. In addition all the measurements were 1970), Vol. 6
made with 180W field of view and a probe station where some 6Xt L Anderion. Solid State 91ectron 5, 341 (1962).
residual strain is unavoidable during probing. 'M.D. Rein%. A. K Sood. and T. 3. TredwulLSoemcducomandSemime

tals (Academnic. New York, 1911). Vol I3&
Further material characterizations and device modeling 1M. Boukee S. Yoo, L IL So. &i. D. Sou and SM . P. Raunm (unpub.

are then needed to confirmn the generation-recombination lished reuits).

J. Yes. Ee. TeetwWo. A. Vol,.S. no. 4. Jut/Auq IM ____
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IV-2 HOMOJUNCTIONS

N-p homojunctions have also been fabricated in situ. The epitaxial layer was

grown on CdTe(111)B/GaAs(100) substrate at 1900C. The stoichetric conditions

were adjusted to produce p-type material with a thickness of 4.2pm. Silicon was

used as the n-type dopant to a level of 5 x 1016cm - 3

The homojunctions showed strong rectification and generated a photovoltaic

current upon infrared illumination. Diffusion limited regime was not observed in

the homojunctions at high temperature which suggests what native defects were

controlling the diode performance. These results are describe in the paper entitled,

"MCT n-isotype heterojunctions grown in situ by molecular beam epitaxy" attached

to section IV-1.
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IV-3 COMMENTS

It is important to point out that the Microphysics Laboratory has described the

first rectifying MCT devices made In situ by MBE. This work has been carried

out in 1987 (see Semi Annual Technical Report dated June 30, 1987). Since then

the effort has been put in the control of microstructural defect. Therefore it Is

not fair to think that these results represent the state-of-the-art of the Microphysics

Laboratory as pointed out In the Introduction of this report. Hence taking into

consideration (I) the progress achieved In the control of twin formation during

the year 1989 (ii) the growth of n-type doping using indium (i1) the growth of

high quality p-type HgCdTe in (211)5 orientation the Microphysics Laboratory has

currently the potential of growing much better in situ homo- and heterojunctions.
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V PHOTODIODES MADE EX SITU

V-1 ION IMPLANTED PHOTODIODES

Ion implanted photodiodes have been fabricated by Rockwell international

Science Center on HgCdTe(lll)B MBE layers grown in the Microphysics Laboratory.

These junctions have been made on as-grown p-type layers, 121am thick. The

diode dark currents in the diffusion regime and the spectral response attest to

the excellent uniformity In composition of the layer. We have also established

that in the diffusion regime, the data can be explained by the ideal diode equation

with electrical parameters measured on the as-grown MBE layers.

The problems at low temperture are complex because factors in material and

fabrication are independent and the dark currents are likely dominated by grown

induced and process induced defects difficult to separate. The results are detailed

in the attached paper.

Several layers have been Implanted but it turned out that for most of them

only a few diodes were working. We concluded that high EPD (high 106cm- 2 ) due

to twinning was responsible for low yield. These results obtained in 1987 and

early 1988 have triggered our effort related to the twinning problem as explained

in the introduction and In part II.

ATTACHED PAPERS:

1. "Characterlstlcs of p-n junctions fabricated on MCT grown by MBE"



Characteristics of p-n junctions fabricated on Hg._.,CdTe epilayers grown
by molecular beam epitaxy

J. P. Faurie, S. Sivananthan, and M. Lange
Uniueniry of Illinois at Chicago. Physics Department. Chicago. Illinois 60680

R. E. Dewames, A. M. B. Vandewyck. G. M. Williams, Dan Yamini, and E. Yao
Rockwell International Science Center. Thousand Oaks. California 91360

(Received 7 December 1987; accepted for publication 22 April 1988)

p-n junctions have been fabricated, using the ion implantation technique, on a Hg _ *Cd, Te
epilayer grown by molecular beam epitaxy (MBE) on a CdTe( 111 )B substrate. These
junctions have been made on as-grown p-type layers, 12 pm thick. The layer (x = 0.34)
exhibits at 77 K a hole mobility of 800 cm 2 V- ' s- ' and a carrier concentration of 3.6 X l0ts
cm- 3. The diode dark currents in the diffusion regime and the spectral response attest to the
excellent uniformity in composition of the layer. We have also established that in the diffusion
regime the data can be explained by the ideal diode equation with electrical parameters
measured on the as-grown MBE layers. We consider this an important step in the
understanding of the relationship between material parameters and device performance.

Since the first successful attempt to grow Hg, _, Cd, Te tration and hole mobility of the layer are in the range of the
by molecular beam epitaxy (MBE) reported in 1981, the best values obtained for such a composition.' Minority-car-
quality of MBE Hg1 -,Cd1 Te epilayers has been improved rier lifetime measurements have been performed using the
drastically.2- 5 Surprisingly, whereas extensive effort has photodecay technique.
been devoted towards the making of photovoltaic devices on The composition of the Hg, - Cd, Te alloy is deter-
bulk and liquid phase epitaxy (LPE) material, the only pub- mined from IR transmission spectra obtained at 300 K. The
lished device data on MBE HgCdTe epitaxial layers were energy gap has been defined to correspond to an absorption
reported in 19832 and very recently in 1988.6  coefficient of 500 cm-'.

The reason is probably due to the fact that MBE was In this experiment a I x 32 planar array of n'/p photo-
used more as a tool to understand the growth and to grow voltaic devices was used for characterization. Ion implanta-
microstructures such as superlattices,' than to grow thick tion was used to form thejunction and the structure is passi-
epilayers. With the development of Hg cells with large ca- vated with ZnS/SiO2 . Ion implantation is done at 300 K on
pacity, the MBE technique has been able to overcome one of the as-grown MBE HgCdTe material coated with a thin lay-

its drawbacks, i.e., the low Hg condensation coefficient. It is er of ZnS. Typical elements used are boron and beryllium
now possible to grow epilayers of 10-15 am thickness or and the energy range is between 200 and 250 keV with a dose
even more, thickness that is required for infrared (IR) pho- range of 10' 3-10" cm - 1. The detector array was of planar
tovoltaic devices. - ' In addition to that, the reproducibility structure with an implant area of I 10;&m2 on 125 pm center
in the growth conditions and the excellent uniformity to center spacing. The thickness of the layer - 12/jm was
achieved in composition and carrier concentration on 2-in.- measured by optical micrograph on a cleaved portion of the
diam GaAs substratess prove that MBE HgCdTe material layer and the junction depth was measured to be 2-2.5 om
should be taken into consideration as a valuable candidate deep in the material.
for conventional infrared detectors. Figure I demonstrates the uniformity of the spectral re-

The purpose of this study is to establish the relationships sponse for six diodes across the wafer. The relative spectral
between electrical parameters measured on the active layer, response per watt was measured at 77 K on an 8 mm2 pro-
the junction characteritcs, and the device figures of merit. cessed army. The spectral response, which exhibits excellent

Material properties and processing of devices are interde- uniformity over thisarea (see Fig. l),wasluminatedon the
pendent and in general difficult to separate, but it is reasona- implant side through the pasivated layer on randomly
ble to expect that in the diffusion regime of the diode oper- bonded detector elements, During this measurement adja-
ation the correlation between average electrical parameters, cent diodes are floating. The quantum efiency memured
junction parameters, and device figures of merit can be vali. from the top side of the device (through the n implanted

dated. region) was 25%. The spectral response curves are some-
One epitaxial layer of Hg, -, Cd, Te, whose characteris-

tics are presented in Table 1, has been investigated here. It
has been grown on a CdTe( I I I )B substrate at 195 C in a r- 77 K

Riber 2300 MBE system, under a growth procedure pre-
viously described.' The layer is p-type as currently observed d N,, - N b, o t
in our laboratory for ( ll l)B layersofx>0.22grownatthis S (0) (M-1) (miO/V/e) (t0-' 00 ,a,
temperature. MBE growth occurs under Te-rich conditions;
therefore, it is likely that the acceptor character is mainly 216 528 0.34 12.1 ]Ax tI8o0 too 517
related to the presence of Hg vacancies. The carrier concen-
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gross imperfections of yet unknown origin.
3,0 so 31 In Fig.3 we illustrate the current-voltage characteristics

'so for a diode operating in the diffusion regime at 183 K. The
iOHM 47 200000e u data can be explained by Shockley's ideal diode equation

* J = J0 (exp(qv/kT) - 11. where q is the electronic charge,
47 '00- 100,V the applied voltage, k the Boltzmann constant, T theabso-

r6 6 lute temperature, and Jo, the saturation current density. Both
S0 - 1 SO0 forward and reverse bias characteristics are shown in Fig. 3.

40 -40 
601.4 0 10.40.417 The linear line labeled "calculated from reverse bias" is

a based on the ideal diode equation taking 'SA Tmeasured from
000

l0 I served to be slightly larger than currents in forward bias
N0 :. GO - suggesting the presence of a small ohmic current compo-
40 40 nent. The second line is the best fit to the forward bias cur-
2 O4 ~ 2 103 rent corrected for series resistance effects observed at large
20 2030321 033 9 forward bias. For the layer processed, the measured electni-

A (..V~rMQ cal parameters at 195 K are NA=6.5Xl10" cm -'
FIG. 1. Spectral response uniformitsy at 77 K of MBE photodiodes fabri- p,= 320 cm2/V %, r, = 1.60x 10 's. Taking/A, = 4 x 10'
cated on layer No. 216 528. cm/V-'s-' we obtain for the diffusion coefficient
what narrow band. This may be due to the fact that infrared D = (kT/q)m = 6.7 X 102 cm' s-', and for the diffusion
radiation was incident throligh the implanted region of the length L, = 10 4 Am. Since our thickness t is - l2Mum in the
detector instead of through the CdTe substrate. Short wave- perpendicular direction, we have a short diode and in the
length photons will be preferentially absorbed near the da- direction parallel to the surface a long diode. We have a two-
maged implanted material and recombine before collection dimensional problem which we approximate by a linear su-
by the p-n junction. This effect may also relate to the low perposition of two currents. The current density in the direc-
quantum efficiency. The measured cutoff wavelengths are tion normal to the surface is taken as JO = q(t:,/N, ) (t /r, )
observed to be uniform and in accord with the IR transmis- and parallel to the surface as JO = q(n~ilN, ) (LI;r,). The
sion data (taken at 300 K and extrapolated at 77 K), i.e., effective Area of the device in the perpendicular direction is
3.57 Am compared to 3 .60 gum. taken to be a2 = 1.6 x 10-4cm 2 .a = 125 Pm and 4ah in the

Figure 2 is a statistical display of R,4 products mea- parallel direction wherehAt 3 X 0-' cm. From the electnicai
sured at M9 K. In Fig. 2 (b) we have used the Weibull proba- data we obtained A (0 (K) = 4.1 P6~m. This value is larger
bility paper to illustrate the cumulative distribution func- than what was expected from the measurement of the pho-
tion.'~ Figure 2 (a) is a histogram and the curve is a fit of the toresponse A *"(0 K) = 3.72 jum. Such discrepancies are
data to a Weibull distribution with parameters derived from usually observed between cutoff wavelengths deduced from
the Weibull cumulative distribution function. The steepness electrical and optical data. Taking the gap obtained from
of the Weibull distribution curve illustrates the excellent electrical data (-see Fig. 4) the intrinsic carrier concentration
uniformity of the diodes. The devices with R0 4 products n") ( 195 K) is calculated to be 2.87 x 10' 3 Cm- Inserting
which clearly do not fit the Weibull curve are limited by this value plus the electrical data cited before we calculate

ISTh = 4.4X 10-*A. The measured value is 4.Sx 10-' A.
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:deal diode equation with electncal parameters measured ,in
' A -sas-grown MBE layers. We consider this as the first impor-

OW O /tant step in the understanding of the relationship between
i0

$
e / o . , . ,, material parameters and device performance.

/0 The problems at low temperatures are complex because
10 jY , factors in material and fabrication are inte'dependent and

G. 14 • 021 EXF 11Z the dark currents are likely dominated by grown-in and pro-
° 03 cess-induced defects difficult to separate. At low tempera-

" tures the currents are small but generated at the metallurgi-
10 2cal junction. Hence, the features of the junction are of critical

importance. Understanding the technological limits is still a
critical issue in devices fabricated by conventional tech-
niques. 13. " The hope is that MBE technology with its in situ
diagnostic capabilities and the capability to produce devices

'o. 1.01 1 sIEXP , , in situ will provide the needed insight to identify and reduce

factors limiting performance in current state of the art device
3 fabricated by conventional techniques. The capability of

FIG. 4. Zero bias resmstance-area (RoA.) product vs temperature of MBE growing highly uniform layers on substrate as large as 2 in. i
eptlayer No. 216 528. x = 0.341. A, (optical) = 3.60pm at 77 K. 3 .7 4 /im at diameter along with the demonstration that good diodes can
0 K. E, (opticaJ)= 0.332eV at 0 K. A, (electical) = 4.16,um at OK. E, be obtained even on the first attempts on as-grown matenal
(electrical) = 0.293 eV at 0 K. Area of the diode: 1.56x 10-' cm-', the should attract attention to MBE HgCdTe for IR focal plane
parameter z is equal to 101T arrays. In parallel with the fabrication of MBE diodes we

have processed a post-growth annealed layer grown by liq-
Hence taking the gap deduced from electrical data (see Fig. uid phase epitaxy. The performance was observed to be simi-Henc takig the gctcalpaees frmeletr dthayse, F. lar. However, these devices were not anealed after the im-
4) plus the electrical parameters measured for the layer, an plantation step usually included in the baseline LPE
excellent agreement is obtained between theory and experi processing.
ment. For analysis we have used a simple model for the n p This work has been supported at the University of llli-
device structure. We have assumed that recombination ye- nois by Defense Advanced Research Projects Agency
locities associated with surfaces and interfaces can be ne- (DARPA) under contract No. F49620-7-C-0021 and by
glected and that the current contribution from the n * side is DARPA/Night Vision Laboratory (NVL) under contract
negligible. This appears to be valid since by neglecting those No. DAALi3-87-K-0092. The work on device fabcation
contributions the data can be explained. The calculations are and analysis was supported in part by Rockwell Interma-
sensitive to the value of A, used for calculating n, as well as tional discretionary funds and by DARPA/NVL under con-
the values assumed for the junction parameters. tract DAAL03-87.C-0014.

As shown in Fig. 4 the Rto.4's monotonically increase
with lowering of the temperature. We have fitted the transi-
tion region to a G-R expression of the form exp E, /2kT The
temperature dependence appears to support the thesis that
currents in the transition region originate from carier gen-
eration in the depletion region. The forward bias characteris- 'I. P. Faurne and A. Million, I. Cryst. Growth 4 582 (198 1)
tics, however, do not show the expected voltage dependence ;2. P. Faune. A. Million. R. Boch. and J. L Timot. J. Vac. Sm Techl A

o, 1593 (1913).of exp qu/2k T. This observation is not iecessariy inconsis- 1. M. Aris S, H. Shin. J. T. Cheung J. S. Cher. S. SivaArias J Ittent with the temperature dependence.'"" and J. P. Faurie, J. Vac. Sci. Technol. A 5, 3133 (1987).
The fit to the data in the transition region and at lower *T. H. Myen R. W. Yanka. J. P. Karins. K. A. Harri J. W Cook. a I

temperature represents an empirical fit of the data and F. Schetiana. in Procading of MRS Meetin. Bmon. Dec. 1shopeatuldre coniepreds a valfit of hsica ma-d IS. Sivaianthan. M. D. Lange. X Chu. and J. P. Faurie, J. Vac. So Tal-should not be considered a a validation of'physical mecha- nol. (to be published) .
nisms. At temperatures below 63 K we observe a decrease in fi. M. Am S, F. Shin. J. 0. Psue and E. L. Gerne. Appl. Pl, Laft
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In summary, n 4pjunctions have been made on HgCdTe 13. P. Famue . Ren. S. Sivannthe. i. K. Soo. X. Chu. M. 9. ' 6L
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V-2 LOW ENERGY ION SPUTTERING PHOTODIODES

The effect of low energy ions (LEI) on HgCdte has been investigated in the

Microphysics Laboratory where it has been found that n-p junction is formed

when a p-type material Is bombarded.

This approach which has been entirely developed in the MPLab has been used

to fabricate photodiodes on HgCdTe layers grown by MBE In the laboratory. The

technique along with diode performances have been described in the attached

paper.

The first epilayers tested showed that HgCdTe grown by MBE can be of

excellent qualtly. Fig. 1 illustrates RoA vs T for diodes fabricated on MBE grown

HgCdTe epilayers of different x. It can be see that high RoAs are obtained even

though all the layers tested were twinned epilayers.

We have found that this method is not only inexpensive but also fast and

reliable. Fig. 2 and 3 compare RoAs for diodes fabricated on the same MBE

layers either by ion implantation at Rockwell or by low energy Ion in the MPLab.

For both of them RoAs in the diffusion regime show nearly Identical slopes. In

addition, the diodes fabricated using this new method are very stable.

Therefore, this technique appears to have potential in terms of diode manufactur-

ing. These very encouraging results call for additional work. Compared to

conventional ion implantation technique. LE.Il technique is much less damaging for

HgCdTe. In addition this technique might be developed In situ.

FIGURE CAPTIONS:

Fig. 1 RoA of MBE HglxCdxTe(lll)B photodlodes

Fig. 2 Arrhenlus plot of RoA for diodes made on the same

Fig. 3 Epilayer using either ion Implantation of low energy ion

ATTACHED PAPER:

1. *Planar heteroluctions made on molecular beam epitaxially grown mercury

cadmium telluride using low energy ion sputtering'
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Planar heterojunctions made on MBE grown mercury cadmium

telluride using low energy ion sputtering

S. S. Yoo*, M. Boukerche, M. DeSouza and J. P. Faurie

Department of Physics
Electrical Engineering and Computer Science

University of Illinois at Chicago
Chicago, Illinois 60680

ABSTRACT
Planar heterojunctions were fabricated on mercury cadmium telluride

layers grown by Molecular Beam Epitaxy. P-type (111)B Hg..CdTe having
an x value gradually increasing to the surface have been grown. The
sputtering technique has been used to form the junctions. For the first
time, electrical and optical characterizations of a representative
junction are presented in this reRort. The resistance-area product at
zero bias and at 80 K is 2.4X103 ohm-cm2 for x-0.27. The spectral
response of this device shows that two junctions, one with x-0.27 and
the other with x-0.33, exist. However, Responsivities as high as 7.2
A/W at 80 K were recorded due to the electrically reflecting boundary
on the p-type surface.
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1. INTRODUCTION

The ternary alloy Hgl.CdzTe, with x values ranging from 0.2 to 0.3,
is currently the most important narrow band gap semiconductor for
infrared(IR) detection. Its interesting features for infrared detection
applications have been studied for more than two decades. The
photovoltaic rather than the photoconductive detection has been favored
because of the low 1/f noise, high detectivity and the high density of
devices mainly for application to focal plane arrays.

Great effort has been made, for several years, to grow epitaxial
layers using different methods, such as: LPE, MOCVD, LADA, and MBE.
However up to now, only the LPE technique seems to have reached a suffi-
cient maturity to give layers suitable for device processing. This is
probably due to the fact that MBE was more often utilized as a tool to
grow heterostructures, such as superlattices. However, reports have
recently been published on IR photodiodes made on (111)B Hg1.CdTe grown
by MBE.2'2 3 According to these publications, the as grown MBE Hg1.CdTe
layers exhibited IR photodiode performances not as good as those
fabricated on annealed LPE layers for device applications. More
recently, IR photodiodes fabricated on Hg1.CdTe layers grown by MBE in
a differnt orientation, namely (211)B, displayed performances equivalent
to those made with LPE layers.

The ion implantation technique is one of the techniques most commonly
used to make p-n junctions. This technique allows a precise control of
the junction depth, avoids heating of this metallurgically sensitive
material and is more suitable for microdevices than mercury diffused
junctions made by annealing.5 In general, ion implantation employs a
high ion energy ranging from 100 KeV to 400 KeV. Since the lower
binding energies of ionic bonds are dominant in II-VI compound semicon-
ductors, the damages induced by the implanted ions can propagate well
beyond the depth where ions stop. This effect is not so dramatic for
III-V compound semiconductors. Therefore, the junction is believed to
be formed several times deeper than the mean range of the ions. A
variety of dopants, such as B, Al, P, and even inert Ar, have been
implanted with different ion energies to form p-n junctions whose
results were compared in the experiment of Kolodny et al.6  They
concluded that the conversion to n-type conductivity was due to defects
or damages created by the implanted ions, rather than by the implanted
dopants and the number of implanted ions because the sheet carrier
density was not sensitively changed by the ion doses and the ion
energies. More recently, Bubulac et al found that mercury atoms
activated by implanted ions diffuse more effectively into the
stoichiometrically doped p-type layers than ones doped by impurities,
such as As. Furthermore, the junction could be improved, and be defect
free, by driving the mercury atoms further into the p-type region by
successive annealing*.

By analogy, if a low energy ion bombardment such as sputtering is
sufficient to create defects or damages at the surface of p-type Hg1.
,Cd.Te layers, the damaged surface should be converted to n-type, thus
forming p-n junctions similar to ion implanted junctions. This
technique was first investigated by Wotherspoon in 1981.' He claimed
that the etched-away part of the p-type layer leaves the excess carriers
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of mercury, which act as dopant sources converting the p-type surface
to n-type. Surprisingly, despite the wide use of dry etching
techniques, to our knowledge, only few reports have been published on
the study of sputter etching effects.910

For the first time, we present, in this report, the performance of
p-n junctions, fabricated on compositionally graded p-type Hg1..CdTe
grown by MBE, using a simple diode sputtering system.

2. FABRICATION

The starting materials were p-type (111)B Hg1..CdTe layers grown in
a RIBER-2300 Molecular Beam Epitaxy system." P-type Hg1.Cd4Te, 51m
thick with a cadmium composition x equal to 0.27, was grown initially,
then the x value was gradually increased in a controlled manner during
the growth of the remaining 0.7pm Hg1.Cd1Te. A thin cadmium telluride
cap layer was evaporated in situ to protect the Hgl..CdzTe surface. The
overall x value of the layer was deduced to be 0.27 from IR Transmission
measurement at 300 K. The carrier concentration and the mobility were
determined to be 2.3Xl0s Cm 3and 100 Cm2/V-sec respectively at 80 K from
the Hall measurement. The minority carrier lifetime was measured to be
140 nsec at 77 K by the photodecay technique. Secondary Ion Mass
Spectroscopy measurements were carried out to confirm the gradual change
of the x value. At the surface of the layer, x was deduced to be 0.33
by taking the relative change in the Cd/Te ratio. This was in good
agreement with the growth condition. The device areas were defined by
conventional photolithography, which are 100 pm diameter dots. The
contact opening was made by a slight etching of the cadmium telluride
cap layer in a 0.01% solution of Br2 in HBr. The sputter etching was
carried out at an ion energy of 400 eV using a diode sputtering system.
Immediately after sputtering, Ni was deposited on the n-type area. The
contact metal was defined using the lift off technique. Long stripes
of Au contacts were electrochemically deposited on the p-type layer.
During the processing, the temperature never exceeded 60 C and the layer
was not subsequently annealed. The schematic diagram of the resulting
device structure is shown in Fig. 1. The current-voltage characteristic
and the photovoltaic effect at 80 K are shown in Fig. 2.

3. ELECTRICAL AND PTICAL MEASUREMENTS

The electrical measurements were taken in a Joule Thomson
refrigerator. Fig. 3 shows the current-voltage characteristics of a
representative device at three different temperatures: 143 K in the
diffusion region, 111 K in the generation-recoubination region and 83
K in the tunneling region of the zero bias resistance-area product
dependence on temperature. The analysis, in forward bias, was carried
out by fitting the current-voltage data points to the modified
Shockley's diode equation, considering the series resistance effect in
the high current region:

V - IR-I,(exp(qV/nKT)-l)

q is the electronic charge, V the applied voltage, k the Boltzman
constant, T the absolute temperature, I. the saturation current, n the
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ideality factor and R, the series resistance. After the fitting of the
current-voltage curves at various temperatures, the series resistance
extracted from the fitting was compared with the resistivity measured
by Hall effect measurements. They were in good agreement. The fitting
at 142 K was excellent for explaining the ideal diode behavior of the
current-voltage characteristics in the diffusion region, where the
ideality factor is unity. The saturation current in forward bias is
slightly less than in reverse bias. This is consistent with the results
of Faurie et al.3  The temperature dependence of the zero bias
resistance-area product is shown in Fig. 4. For the diffusion region
at temperatures above 125 K, the temperature dependence of the zero bias
resistance-area product gives an activation energy of 200 meV, which is
less than the optical band gap ( 243 meV at 83 K). However, this
discrepancy is usually observed between electrical and optical data.
As the temperature decreases, the current-voltage curve in forward bias
shows two separate slopes in small bias region and large bias region.
In this case, the fitting was carried out in two separate current
regions. From the current-voltage curve at 111 K, the ideality factors
were determined to be 2 in the small bias region and 1.17 in the large
bias region. The generation-recombination current becomes dominant in
the small bias whereas the diffusion current still prevails in large
forward bias regions. This illustrates the fact that the zero bias
resistance-area product in the temperature range, 100 K to 120 K, is due
to generation-recombination in the depletion region, thus showing the
temperature dependence of Eg/2. For temperatures lower than 100 K, the
ideality factor in the high current region increases slowly up to 1.7
at 83 K and the change in the slope becomes insensitive to temperature
variations at small biases. This indicates that the current in small
bias is related to the thermally assisted tunneling mechanism."3 The
performance of a linear array of detectors can be represented by the
histogram of the dynamic resistance of the junctions as shown in Fig.
5. These were 32 devices within a certain area and were measured at 150
K in the diffusion region of the zero bias dynamic resistance. It shows
the very good uniformity of the devices at the operating temperature.

The junction depth was characterized by the differential Hall and the
spreading resistance measurements. They give depths of I and 0.8 ps,
respectively for this layer. Considering the junction depth of ion
implanted diodes, which is typically 2 to 5 pm, the investigated
junction was shallower. However the measured junction depth for other
processed ME grown layers varied from layer to layer. This is probably
due to the preferential mercury diffusion along the defects, such as
dislocations and twin boundaries often present in NBE grown (111)8
layers. Further study is currently beinq carried out to determine the
junction depth, the carrier concentration and the minority carrier
lifetime of the converted n-type layer.

One interesting feature of these devices is the spectral response,
as shown in Fig. 6. It shows double peaks, one at 3.8 p3 and the other
at 2.8 #m and the signals are comparable. This can be explained by
considering the planar junction with two diodes connected in parallel,
one with a low x value (0.27) in the vertical direction and the other
with high x value (0.33) in a direction parallel to the surface. Since
the vertical junction area is assumed to be much larger, it is dominant
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in the electrical measurement. But for the optical measurement, the
junction of the high x value becomes dominant in the short wavelength
region, where the junction of the low x value has less spectral
response. The minority carriers generated by the radiation in the high
x value p-type layer can either diffuse into the depletion region of the
high x value junction, or be swept to the low x value layer and then
diffuse into the depletion region of the low x value junction. The
responsivity was measured with a 500 K blackbody radiation source at 80
K. It was determined to be 7.2 A/W. Since the compositionally graded
layer at the p-type surface acts as an electrically reflecting boundary
for the minority carriers,13 the minority carriers generated by the
radiation are repelled by the high x value layer.

We have presented the fabrication of junctions on Hg1.CdTe grown
by MBE, using low energy ion sputter etching. Several groups.10,1 have
shown that the origin of the n-type conversion is due to the mercury
diffusion into the bulk of the layer from the very thin surface layer
within the projected energy range of the ions. In contrast to ion
implantation creating n-type conversion mainly by extended induced
damages, this technique can actually improve n-type material properties
by decreasing its degree of compensation. 1 This technique is comparable
to the ion implantation for the fabrication of microdevices, except for
the fact that it uses lower ion energies. Low energy ion sputtering
might be expected to be better than ion implantation in view of less
process-induced damages during the junction formation, the control of
the shallow Junction depth and the n-type layer carrier concentration.
This technique can be applied for in situ junction technology in a MBE
chamber. Furthermore, the fabrication costs using this technique are
very inexpensive compared to the ion implantation.

The current-voltage characteristics in three different temperature
regions along with the zero bias resistance-area product corresponding
to the diffusion, generation-recombination and tunneling regimes were
presented. The current-voltage characteristics show the diffusion
behavior at small bias, for temperatures higher than 125 K. The
generation-recombination current is dominant for the temperature range
100 K to 125 K and the tunneling current is dominant at temperatures
below 100 K, at small bias. The product of zero bias resistance-area
is 2.4X103 ohm-Cia at 80 K. Finally double peaks are seen in the
spectral response, which is due to the compositional heterojunction at
the surface. This is advantageous for the optical detection because the
large band gap layer acts as the electrical reflecting boundary in the
long wavelength where the low x value layer is active. It also prevents
the exposure of the sensitive narrow band gap semiconductor surface.
A reponsivity as high as 7.2 A/W was achieved owing to the larger x
value layer on the surface. This value was higher than that of other
hosojunctions grown by MBE with the same process. The structure could
also be utilized for the double wavelength detection by controlling the
band gap of the compositional heterojunction.
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VI SURFACE AND INTERFACE STUDIES

VI-1 HgTe-CdTe SUPERLATTICES: Hg INCORPORATION IN CdTe LAYERS

DURING MBE GROWTH

It has been shown in 1982 that HgTe-CdTe superlattices (SLs) could be grown

by MBE. But due to the noncongruent evaporation of Hg from HgTe, the Hg flux

must be maintained even during the growth of the CdTe layers. This means that

some Hg is incorporated in the CdTe during its growth. There are two important

questions that arise. First, how will this Hg incorporation affect the bandgap of

the SL. Second, how much Hg is in the CdTe.

We determine the period of the SL by the position of the X-ray satellite

peaks. The average Hg composition in the SL is then measured by EDS. The

period and the average Hg composition are then used to compute the Individual

layer thicknesses if the percentage of Hg in the CdTe is known. Using this

method, for the same period and average Hg composition, as the amount of Hg in

the CdTe increases several things will occur. First, the thickness of the HgTe

layers will decrease. This will tend to increase the bandgap. Second, the CdTe

will become HgxCdj_xTe with a smaller bandgap. This decrease In the barrier

height will tend to decrease the SL bandgap. Finally, the width of the HgxCd._

xTe will Increase. This will have a small tendency to increase the bandgap. The

total effect on the SL bandgap of all these changes would be small.

We have grown, with a Hg flux, thick layers of CdTe under the same conditions

as in our SLs [190 to 2000C on (111)B]. The amount of Hg measured in the layer

by EDS was less than 5%. On a series of thin CdTe (111)B layers grown under a

Hg flux the amount of Hg was carefully measured by XPS. This is done using

both the ratio of the peak areas and the difference in energy between the core

level and valence band maximum. For the growth conditions that we actually use

In our SLs, these results agree with those obtained for the thick layers. The Hg

incorporation varies, up to 9%, depending on the growth conditions. This should

only slightly affect the characteristics of the HgTe-CdTe SLs and other micr-

ostructures, such as single and double barrier tunneling structures.

These results Indicate that some Hg is Incorporated In the CdTe but that

under our normal conditions this amount Is small. The Hg incorporation Is crystal

orientation dependent. For the (100) surfaces, about 15% Hg are observed for
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growth conditions Identical to those used for the (111). For more information

see the attached paper.

ATTACHED PAPER:

1. "Hg Incorporation In CdTe during the growth of HgTe-CdTe superlattices by

molecular beam epitaxy."
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HgTe-CdTe superlattices and other microstructures such as single and double barrier
tunneling structures are commonly grown by molecular beam epitaxy with the mercury flux
continuously on the sample during the growth. This means that some mercury will be
incorporated in the CdTe layers. We present here, for the first time, a measurement of the
amount of mercury incorporated in thin layers of CdTe. X-ray photoelectron spectroscopy was
used to measure the amount of mercury. The amount of mercury was found to be between 3
and 9% for CdTe ( 1 1)B, depending on the growth conditions. The amount of mercury was
found to increase with mercury flux and to decrease as the substrate temperature was
increased. Under the same conditions, it was found that much more mercury was incorporated
in the (100) orientation. The type of substrate (CdTe or GaAs) was not found to infuence the
results. These results indicate that the amount of mercury in the CdTe layers of HgTe-CdTe
superlattices is not quite as low as expected from measurements of thick CdTe layers, but it can
be low enough that it does not influence significantly the results on the superlattice system in
the ( 11) orientation.

HgTe-CdTe superlattices have been proposed as a new, small as previously thought." For this reason we have per-
interesting infrared materia , " It has been shown that they formed the first measurements of the amount of mercury
can be grown by molecular beam epitaxy (MBE).' It has incorporated in thin CdTe layers grown with a mercury flux.
also been shown that the best growth temperature is 180- We have also looked at how the amount of mercury incorpo.
200 "C.3 At this temperature the mercury condensation co- rated depends upon the substrate temperature, the mercury
effient is about 10-3.4 This means that a large mercury flux, the CdTe growth rate, and on the type and orientation
overpressure is needed to grow HgTe. It also implies that of the substrate
mercury will easily and noncongruently evaporate from The samples were all grown at the University of Illinois
HgTe. Due to this problem, the common growth technique in a Riber 2300 M3E machine. CdTe substrates oriented in
for HgTe-CdTe superlattices and other microstructures the (100) and the (111)B were used. Additionally,
such as single and double barrier tunneling structures in- GaAs(100) with both (100) and(I I I)B CdTebuffer layers
volves leaving the HI source open at all times." , Thus, there were used. The substrate preparation and the growth of the
is a mercury flux on the sample during the growth of the appropriate buffer layer have been discussed elsewhere.'
CdTe layers. A competition then occurs between the Hg and The Te fluz was kept constant throughout the experiment.
Cd atoms for lattice sites. As a result, the CdTe layers may The lux was chosen so that the HITe growth rate was about
not be pure CdTe but instead be HSI -, Cd, Te with some 5 A/s on a CdTe( 11 ) substrate A CdTe growth rateof I
percentage of mercury. A/s wa used throughout the experiment, except when that

This problem was r-voized by the first people to grow growth rate was the parameter being varied. These growth
HgTe-CdTe superlattices on CdTe ( 111) substrates. They raes are typical of those used in the growth of HgTe-CdWe
grew thick layers of CdTe under the same conditions as in superlattices. The subtrat temperature was measured us-
the supOlattice, including the presence of the Hg flux. The ing a chromel-alumel thermocouple in contact with the sam-
Hg content was then measured by energ dispersive spec- pie holder and by an infrared pyrometer. These measure-
troscopy (EDS). It was ftond that the CdTe contained leas ments have been calibrated using the melting temperatures
than 5% mercury. 7 Wbea we began to grow HgTe-CdTe of indium and tin.
superlattices at the Univerity of lois, we repeated these The structure of the samples w chosen to be similar to
experiments with the same resuts.' Thi small amount of that of the superlattics. On the bter layer a HgTe layer
mercury should only slightly influenace the characteristics of with a thickness of 80-100 A was grown fir This was un-
the superlattices such as the band gap and the valence-band mediately followed by a CdTe layer 150-170 A thick. The
discontinuity. Therefore, it was neglected. The only question CdTe layer was pom with the Hg flux s on the sample.
was whether the results for a thick layer were the same for The Hg concentration in the CdTe layers was measured by x-
the thin layer in the superlattic ray photoelecto spectaoscopy (XPS) using both the ratio

Recently, it has been suggested that the amount of mer. of peak arm and the energy differene between the Hg Sd or
cury in the CdTe layers of the superlattice might not be as Cd ore level and the valence-band maximum (ViM).

Prinnt addm SwA Nadinal Lsbommy, Or 1144. For Hg, .Cd, Te, this energy difrence can be shown to

q"mqu. NM 871 . reflect the position of the VBM on an absolute energy scale,
"Pinmt adri: FwWn*, U .mtun Now*-Dam. do. Is .Pbecuse the cation core levels ar virtually independent on

3000 Nmr, dliWa, the alloy compostion X.9-10 The position of the VBM is
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known in turn to be very sensitive to the composition x. is the only one that should influence the band gap, if Hg ;
Therefore, the binding energy of the Hg 5d and Cd 4d core indeed a surface phenomenon.
levels with respect to the VBM can be used to determine the To obtain the binding energies (Ec, - E, ) used for the
alloy composition x. Several samples were grown without determination of the Hg concentration, the position of the
the HgTe layer on the bottom to see if its presence changed VBM was determined simply by a linear extrapolation of the
the measurement. No difference was found in the Hg con- valence-band leading edge. This procedure has proven to be
centration in the CdTe whether the HgTe was present or not, reproducible and very accurate for Te-based JI-VI semicon-
First with the Te and CdTe fluxes constant, the substrate ductors. " Since the binding, energy defined above is very
temperature and the Hg flux were varied to determine their sensitive to the Hg concentration in Hg, ... Cd,Te,'* it can
influence on the Hg incorporation, be used to determine the amount of Hg in the CdTe. As can

The samples were kept under ultrahigh vacuum condi- be aee in Table 1, there is good agreement between the two
tions as they were transferred to the XPS chamber. The XPS methods. This gives us confidence in our results and in neg-
measurements were performed with an SSX-100 spectrom- lecting the Hg (2 ) component. This procedure implies the
eter from Surface Science Laboratories. A monochroma- measurement of the valence-band energy distribution curve
tized and focused Al Ka excitation line was used. The over- and is thus highly time consuming. Therefore, it was not
all energy resolution measured on the Au 4f.,/2 core level is applied systematically to all the samples.
0.7 eV. The core levels used in this work were the Hg 4fand In order to compare our previous results for a thick lay-
5d, the Cd Qdand 3d, and the Te 4Q and 3d. The values of the er with these for a thin layer, we grew a thick CdTe layer and
peak areas and positions of all the core levels were deter- checked the Hg concentration with both XPS and EDS. The
mined by a detailed analysis of the spectra by a least-squares growth conditions were similar to those used for the thin
fit of individual spin-orbit doublets to the data. The line layers (7, = 19S C, Hg Biuz = 1.6 X 101 cm - s - , and
shape used for the fits was a Lorentzian convoluted with a CdTe growth rate I A s - ).- The results from EDS agreed
Gaussian. A nonlinear background was subtracted from the with all of our earlier work and gave a value of about 3% Hg
spectra prior to the fitting procedure. in the CdTP. The XPS results on this layer gave a Hg concen-

Figure I shows a typical result for the spectrum of the tration of 5%. This difference is within the range of experi-
Cd Qdand the Hg 5dcore levels. This is the most difficult mental error, but it mayslsoindiate that there is aslight
case due to the large number of overlapping peaks. The fit difference in the Hg concentration with depthi.
reveas the existence of two Hg components. These two com- The homogenety of the Hg distribution with depth can
ponents will be called Hg' I and Hg'21 in the following di. be checked by comparing results from core levels at different
cussion. From its binding energy with respect to the VBM,10  binding energies. In our cas the deteminaion using the
Hg"' can be clearly identified as Hg in Hg, -, Cd, Te. The Hg 4f, Cd 3d, and Te3d core levels are more surface sensi-
origin of Hg' , at about 600 meY higher binding energy, is tive than those using the Hg 5d, Cd 4d, and Te Q4 lines. This
not yet fully understood. We believe that Hg'21 is some sort is due to the smalleresa edepth for the Cd Mdand Te3d
of surface mercury. Further experiments are still in progress photoelectrons (A = 15 A) compared to the Cd Q4 and Te 4Q
to clarify this point Only the component Hg"'), associated (A = 20 A). We found that the more surface-senaitive deter-
with Hg in Hg, -Cd, Te, was used in our measurements. Is minations systematicaily yieled slightly higher concentra-

tions. Compared with EDS, XFS is prumarily a surface tech-
~ nique. The observed surfatce enrichment is thus consistent

with the difference betee the bulk results from EDS and
I -i4 the XPS results. Furher Investizatiouswith good depth re-

solution would certa*l be may desirable to confirm (or
infirm) this point.

,,: Tabl I smmzarizies the Ng concentrations determined
by XPS for the diffrent substrate and HS cell temperatures.
The Hg concentrations determined by both XPS methods

a are given. The values given in the table based on peak area

'1 2.3 TABLEI. Ho toToralo sCdT pmewitha HS uz anCdrr mlarwa&
W4V2"Wl slaug with Ih pout ceiam , 111110 *b -~tu WinWuwt The

We PU. aw was M. otid aam at saoa I A/s

substrae F. H8 fts I-a I-
AMiin(*C) (IO17alii-) (macmadam) (1 1, MuMO)

_________ _0__ (1 1)5 175 1.6 0.0855t0.009 0.067±00OW
13 s 10 9 5 ?(111)a its 1.4 0.065:t 0.01 0.031 loom

Erw ig om Inv) (111) 1"S 1.6 0.057 *0a016
(111)5 199 0.89 0.045:t0.010 0.0'at0O

FIG. 1. Typical XPl spectrm rrosacdWe layer pown with amercury 0114) 195 1.6 0.057±:t0.016
flu& Th duh~doted lineis the nmult o(&leainsquan t tothe dama The (111)5 I"5 L2 0.0SS :t0.016 0.100 1.0020

dacadIia rprien de idiidul om ooewused for this It. Th. back. (000) its 1.4 0.147 ± 0.016
pound a repreeentd by the solid line. Tle dowt aM The expierutal date,
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ratios are average values from four different sets of core level TABLE It. Hg to Te ratio in CdTe grown with a HIU Aiong witn ,'e

spectra. Relative sensitivity factors were determined for our growth conditions. All were grown on a CdTe ( 111) buffer layer but :he

instrument from MBE grown HgTe ( I II) and CdTe ( I l) Initial substrate was varied. T, is the substrate temperature. Estimated Hg

flux: 1.6x 10" cm- s - '.
rhe Hg flux was determined using Knudsen's effusion T, CUTe ;;wb i - x I -X

law, which is a good approximation in this case for the direc- Substrate C'C) rate (As) (am ratics) (bidinslenergies)
tion normal to the evaporating surface. A change of the sub-
strat temperature by 10 "C will change the Hg condensation CdTe 195 0.0 0.037 ± 0.004 0.043 ± 0.020CdTe 1951 1.0 0.057±4-0.016 ..
coefficient by about a factor of .5.' Several striking features CdTe 195 2.0 0.078 - 0.008
are observed from this table. First, for these growth condi- GAM 18S 1.0 0.065 ±- .O7 0.043 ± 0.020
tions on CdTe (I 11 )B the amount of Hg incorporated is GaAs 195 1.0 0.036 ± 0.008 ...

much less than 20%. 12 Second, the overall agreement

between the area ratio and the binding energy results is good. ern grown on CdTe ( I l )B were found to contain between 3
Third. the amount of Hg incorporated follows the general and 9% mercury. The amount of mercury was found to in-
trends expected from the growth conditions, and the relative crease with the mercury flux and the CdTe growth rate, and
magnitudes are in reasonable agreement with the Hg flux to decrease as the substrate temperature was increased. We
and condensation coefficient variations. Fourth, a Hg con- did not observe any significant dependence of the amount of
centration of 5% was obtained by the correct selection of the mercury incorporated on the type of substrate but there was
growth conditions and we have obtained a value as low as a large dependence on the orientation of the substrate. We
3% in a second set of experiments. found that much more mercury was incorporated for (100)

It has been reported that for a CdTe (211) substrate the than for (III)B prepared under the same conditions. We
amount of Hg incorporated is about 20%." We have also thus expect the Hg incorporation in CdTe (100) to be even
shown that the Hg condensation coefficient varies depend- more important under normal growth conditions. " This de-
ing on the orientation of the substrate.'" For this reason, we pendence of the amount of mercury incorporated on the
have also investigated CdTe (100). The fluxes were the same growth conditions and the substrate orientation means that
as used for the ( 11 )B. The results are also given in Table 1. care must be taken when comparing results between differ-
The difference in the Hg incorporation is very large and op- ent groups. ALso, dramatic increases in the amount of Hg
posite to our initial expectations, since Hg on CdTe (100) incorporated can occur if the initial surface is not properly
has the smaller condensation coefficient of these two orien- prepared. These results indicate that the amount of mercury
tations. We do not understand these results, but they show incorporated into careftuly prepared ( I I I )B superlattices is
once again that MBE growth cannot be treated by a classical small enough that it should not significantly influence the
thermodynamic approach using the law of mass action and characteristics of the superlattices previously reported. and
neglecting surface kinetics. in particular the value of the valence-band discontinuity and

We performed a second set of experiments to check the the band gaps.
dependence of the Hg incorporation on the CdTe growth This work carried out at the University of Illinois at
rate and on the type of substrate. The Te and Hg fluxes were Chicago was supported by the Defense Advanced Research
kept constant. The results are given in Table II. Projects Agency and monitored by the Air Force Office of

The first point that can be seen from these results is that Scientific Research under contract No. F4920-87-C-002 l.
it does not matter whether a CdTe (111)B substrate or a One of us (R. S.) is supported in part by the National Bel-
GaAs (100) substrate with a CdTe ( 1 I)B buffer is used to gian Foundation for Scientific Research (FNRS).
grow the layers. The Hg incorporation is about the same for
the two different substrates. The second point is that the Hg ,). N. Schbuh. =A T. C. McOil, AIp I YL LtM 663 (1979).

incorporation appears to increase with the CdTe growth D. L SU"t. T. C McOilL N. Shulme. Api Phys. LaM 43 180
rate. We do not have much data, but the trend appears to be (1983).
in this d 33 P Fmuu.A. Pi i amd J. Plask AwpL. PhbyL Let. 41,713 (tIM2).

It as alsctfond e 'J. P. Faus, A. Mink% IL bok and J. L Train. J. Vn. Sci. T &maL A
It was also found d the quality of the su ze prior to 1. t 9(1983).

the growth of our structures could dramatically influence 'J. P. Frine. ME1 L Quum ecam. Q&- 2 1656 (1916).
the amount of Hg incorporated. If the same substrate was GIL A. Hrris, & Hwaag, D. K. Nha L W. C k J. P. khotme, N.
reused frequently and thus re-etched several times or an ina- OW. P. Da. nL d A. T. HataWt Appi Fba *L. 396(1916).

dequate buffer layer was grown, a signifcantly larger Hg ' Patowr, D. RAs.M, L IL d 3. FlRsm L, P. Pawrmm C. L9 k) T.
incorporation was found. This man that extreme care must COaInm. K. A. i, k J. W. C 3, J. F. SdWM App. rtd
be taken not only when doing this type of experiment but LA. 49.86 (196).
also when preparing a substrate on which to grow a supedsat- °'C. K. bib wad W. . Spit. tyL Rev. 1a*. L 3" (1917).

agC a Hi T. M. Da, md . P. Feuls (=nplbidFd).
tice. IaT, M. Dar, C. Ho and J. P. Fsani, PhIs. Rev. Lai. , 1127 (1917).

In conclusion, we have presented for the fmt time a IS. skowa I L Sundrmad S= S. YoJn,3. VW Sci. Ts * A 5

measurement of the amount of mercUry incorporated in thin 3157 (1987)."M. W. Ooohwl, M. A. Kiuck . .3 Kunans,NLM. C baD. 0 Saisr.
layers of CdTe grown under mercury flux. The growth con- 1M. . i~udgs. 3. A. Sci. L L 3110(1C67).

and IL J. Jusdmc J. Va. S& Twdmw. A S.It10 (1987)I.

ditions and the structures were chosen to be similar to those "S. Sivant, x. C, J. RIom ad J. P. PealswL J. AppL Pb . A. 13 59
in HgTe-CdTe superlantices. When carefully prepared, lay- (1916).
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Vl-2 X-RAY PHOTOEMISSION STUDY OF Hg CLUSTERS ON Hgl-xCdxTe SURFACES

The (111)B surface of MBE-grown Hgl-xCdxTe samples has been studied in detail

using x-ray photoemission spectroscopy (XPS). The composition of the samples was

in the range x = 0.15 to 0.97. The smaller x values were obtained with three MBE

sources (CdTe, Te and Hg) as usual, whereas only two sources (CdTe and Hg) were

used to obtain the larger values. A monochromatized and focussed Al K., excitation

line was used for the XPS measurements.

Two types of Hg have consistently been found for all the samples. These two

types of Hg will be labeled Hg[1j and Hg[2] hereafter. From the binding energy with
respect to the valence-band maximum, Hg[1] Is clearly identified as Hg in HgCdTe.

The second component is found at higher binding energy and is attributed to the

presence of small Hg clusters on the HgCdTe surface. The radius of these clusters

is deduced from the Hg[214f7 / 2 intensity measured with XPS. Values between 5-20A

are obtained. The Hg[214f7/ 2 binding energy increases with decreasing cluster

size. This is explained by the Coulomb energy _ e2/r due to the unit charge

appearing on the cluster during the photoemission process ( 1). This charge is not

neutralized within the time scale relevant for photoemission, due to the semiconducting

nature of the substrate. A good agreement between the experimentally observed

binding energy shift and the calculated e2/r behavior is observed. For large cluster

sizes, a binding energy of 100.2 ± 0.2 eV Is deduced. This is close to the value

for bulk Hg (99.9 eV) (2 ).
The apparent spin-orbit splitting of the Hg[2]5d levels decreases with decreasing

cluster size. A total variation of 0.5 eV is measured. Our results are smaller than

the value for free Hg atoms, except for the largest cluster sizes. This Is attributed

to the repulsion between the Cd4d and Hg5d levels, as initially discussed by Moruzzi

et al. (3 .

From the Influence of the sample preparation conditions on the amount of Hg

In the clusters, we conclude that Hg outdiffuslon Is probably the major reason for

the formation of these clusters.
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X-ray photoemission from small mercury clusters on II-VI semiconductor surfaces
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The presence of small Hg clusters (R =5-20 ;) on Hg1,Cd,Te samples grown by molecular-
beam epitaxy has been deduced from a careful analysis of the x-ray-induced photoemission spectra.
The positive binding-energy shift measured for these clusters is explained by the appearance of a
positive charge on the clusters during the photoemission process. (The experimental results are
compared with the calculated e2 /2R behavior.) The apparent spin-orbit splitting for the Hg 5d lev-
els is reduced, compared to bulk Hg and to isolated Hg atoms. This is attributed to the repulsion
between the Cd 4d and Hg 5d orbitals. It is shown that Hg out-diffusion is the main reason for the
formation of these clusters.

I. INTRODUCTION gy. 8 In the present work, we show that this second mer-

cury component in the Hg 5d and 4f spectra is due to the
Studies of surfaces and interfaces of semiconducting presence of small Hg clusters on CdTe and HgI _, ZCd, Te

materials are very important for the development and un- surfaces. The electronic properties as well as the origin
derstanding of modern microelectronic devices. Detailed of these clusters will be discussed.
investigation of the phenomena occurring during the
growth of such surfaces and interfaces is very important
due to the still increasing miniaturization of the devices II. EXPERIMENT
presenting a challenge to both theoreticians and experi-
mentalists. This paper deals with one particular aspect of The samples were all prepared at the University of Illi-
surface studies on II-VI compound semiconductors, nois at Chicago in a Riber MBE 2300 machine. CdTe
which is the formation of small mercury clusters on the substrates oriented in the (111) B direction as well as
surfaces of these semiconductors. GaAs substrates with a CdTe( 11) B buffer layer were

Photoemission has been demonstrated to be very used. The substrate preparation and the growth of the
powerful for examining the electronic properties of sup- appropriate buffer layer have been discussed elsewhere.'
ported small metal clusters.' - 3 The study of such small The layers analyzed here are Hgt,,CdTe with x in the
particles was initially motivated by their technological range of 0.15-0.97. The smaller x values were obtained
importance in heterogeneous catalysis. 4 Small metal clus- with three MBE sources (CdTe, Te, and Hg) following
ters have also been detected in many cases during the ear- the usual procedure. 9 The larger values are obtained
ly stages of metal-semiconductor interface formation. 5 - 7  with only two sources (CdTe and Hg) as described in Ref.
Amorphous carbon has been the most widely used sub- 8. The sample temperatures quoted here were measured
strate for detailed studies of the electronic properties of using a Chromel-Alumel thermocouple and- whenever
small metal clusters, but other substrates, mostly insula- possible-by an infrared pyrometer. These measure-
tors, have been used as well. In this paper we present a ments have been calibrated using the melting points of in-
photoemission study of Hg clusters on CdTe( Il) and dium and tin.
Hg1 _,CdTe( IlI) substrates. To the best of our The samples were kept under ultrahigh-vacuum condi-
knowledge, this is the first detailed photoemission study tions as they were transferred to the XPS chamber. The
of metal clusters on a semiconducting substrate. XPS measurements were performed with a SSX- 100 spec-

This work was first motivated by an unexpected result trometer from Surface Science Laboratories. A mono-
obtained during the study of the Hg incorporation in chromatized and focussed Al Ka excitation line was
CdTe during the growth of HgTe-CdTe superlattices by used. The overall energy resolution measured on the Au
molecular-beam epitaxy (MBE).' The common growth 4f core level is 0.7 eV. The reference levels used for this
technique for HgTe-CdTe superlattices and other super- study will be specified as necessary. The position of the
structures, such as single and double barrier tunneling Fermi level was determined from the position of the Au
structures, involves leaving the Hg cell open at all 4f 71 2 line measured from a bulk gold sample. The corre-
times.9.10 As a result, the CdTe layers are not pure CdTe sponding binding energy was fixed at 83.93 eV. The core
layers, but instead Hgj _.CdTe with typically 3-9 % of levels used in this work are the Hg 4f and 5d, the Cd 3d
mercury for the (l1) B orientation.$ In addition to Hg and 4d, and the Te 4d and 3d. For all the peaks, the
bound to Te atoms, the x-ray photoemission (XPS) values of the area, position, and full width at half max-
analysis of such spectra revealed the existence of a second imum (FWHM) were determined by a least-squares fit of
type of mercury with about 600 meV higher binding ener- individual spin-orbit doublets to the data.

38 1351 ®1988 The American Physical Society



1352 R. SPORKEN, S. SIVANANTHAN, J. RENO, AND J. P. FAURIE 38

IM. RESULTS AND DISCUSSION Hg"' and Hg 2' in the following discussion. From its
binding energy with respect to the valence-band max-

The discussion of the results will be organized in three imum (VBM),' 2 Hg~l" is clearly identified as Hg in
parts. First, we will focus on a detailed analysis of the Hgl-,Cd1Te. The second component Hg,2 ' is observed
XPS spectra from Hgl-,CdxTe samples. It will be at higher binding energy. We have suggested earlier that
shown that two types of Hg exist in these samples, one Hg 2) is due to some kind of surface mercuryA3 This was

being Hg bound to Te and the other due to the presence inferred from two observations. First, on a 1.5-Mm-thick

of small mercury clusters on the sample surface. There- CdTe layer grown with a Hg flux, the amount of incor-
after, it will be shown that such Hg clusters can be ob- porated Hg as measured with energy-dispersive x-ray

tained by depositing Hg on CdTe(l 11) B surfaces at room spectroscopy (EDS) agrees with the results from XPS ob-

temperature. Finally, we will try to identify the origin of tained by neglecting Hg' 2). Including Hg' 2' yields

these clusters obtained unintentionally on MBE-grown significantly higher concentrations. As the depth probed

HgI, Cd Te surfaces. by XPS is small compared to EDS, Hg'2 ' should be locat-

Typical photoemission spectra from Hg, CdTe are ed in the surface region. Second, the Hg concentration in

shown in Fig. I. The peaks are the Cd 4d and Hg 5d the CdTe layers can be determined from the binding en-

spin-orbit doublets and the Hg 4f7/2. These spectra have ergy of the Cd 4 and Hg 5d levels with respect to the

been analyzed for all the samples by means of a least- VBM. This procedure is described in Ref. 8. Once again

squares curve-fitting procedure as mentioned above. A these results agree with concentrations deduced from

nonlinear background was subtracted from the spectra XPS peak areas, neglecting Hg'11. This also suggests that

prior to the fitting procedure. The line shape used for the Hg'2 ' is located at the surface. Otherwise it would affect

fits was a Lorentzian convoluted with a Gaussian. This the position of the VBM.

procedure is justified for the photoemission from semi- Now that we have established that Hg"2 ' is some sort of

conductors. It might be argued, however, that the surface mercury, we need to find its exact nature. From

Doniach-Sunjic line shape" has to be used in the case of the chemical shift measured on the Hg Sd and Hg 4f

small metal clusters. The quality of the fits obtained with lines, Hg 21 could be tentatively identified as HgTe2. This

the symmetric line shape is very good. This might indi- is not a stable compound, but could exist at the surface of

cate that the final-state screening in very small clusters is Hg2 - Cd,,Te samples. However, if Hg 2 1 is located in a

different from bulk metals, resulting in a different (and two-dimensional surface layer, coverages up to 0.8 mono-

smaller) singularly index foc the Doniach-Sunjic line layers (ML) are deduced from the Hg' ' peak areas. Such

shape for these clusters as compared to the bulk metal. a coverage should then affect the characteristics of a sur-

Two types of Hg have consistently been found for all face component detected in the Te 44 spectra. The sur-

the samples. These two types of mercury will be labeled faces studied here are (li) B surfaces which are ter-

Cd4d Hg 1 5d
Hg(I V / g2) 5d
Hg ( V7/2

% %

Sr

102 101 100 99 14 12 10 8 6

Binding energy (oV)

FIG. I. Typical XPS core-level spectra from Hg,,Cd,Te. The composition is x =0.94 (lower spectrum) and x ,0 60 upper

spectrum). The number of atoms in the Hilla estimated using relation (1) is 7x 10") and 6x t" cm - 1, respectively. The binding en-

ergy is referred to the Fermi level. The solid line is obtained by least-sq"res fitting of individual components (dashed ines' to the

data.
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minated by threefold-bonded Te atoms. From the Te 4d H9 couea tatwsi-m2

core- evel spectra. a surface shift13 of 475t75 meV to- 1013 ,014 ,o'S
wards higher binding energy was unambiguously deter- I

mined by very careful curve fitting (Fig. 2). Close exam- >

inaticn of the residuals, i.e., the difference between the T ,I-HgCdTe
calcu~ated and the measured spectra, was particularly a 101.2 -
usefui for the determination of this surface component.
The characteristics (relative intensity, FWHM, and shift) S .

of this surface component are independent of the amount .

of Hg"'. This rules out the existence of a two- ,0o.
dimensional layer of HgTe,.

Based on this observation and on the fact that the Te 100.-
4d core-level intensity is reduced by only 5% for a Hg' 2)

coverage corresponding to I ML in the case of a two- 3 4 5 6 a 10 20 30 40 60 80 1) 3

dimensional layer, we suggest that Hg'z' must be related A4.qt 2) 4f ,,)/A(TO 3ds 2 ) area ratio
to the existence of small Hg clusters on the sample sur-
face. The spectral characteristics of such small metal
clusters are now well established' - 3.14. 1 although the de- FIG. 3. Hg"' 4f7,z binding energy with respect to the Fermi
tailed explanation of these same characteristics is still a level vs A(Hg' ) 4f7/2)/A(Te 3ds/ 2 ) area ratio. The solid cir-
matter of debate. For almost all cases of small metal cles are results from Hg,.,CdTe samples, whereas the open
clusters, the core-level binding energies are higher than circles are obtained after the Hg absorption on CdTe at room
for the corresponding bulk material. This binding energy temperature. The Hg coverage has been estimated using rela-
generally decreases with increasing cluster size, and tion (1) with N, =6X 10" cm- 2 . The solid line represents the
sometimes a saturation or even a slight decrease is ob- calculated e2/2R behavior. For details see the text.
served for very small cluster sizes) 1 4

Figure 3 shows the binding energy Eq with respect to
the Fermi level for the Hg'z' 4f-/2 core level versus the r= A(Hgt2 ' 4f. 1 2 )/A(Te 3d,,2 )
A ( Hg 12 ) 4f7/2 )/A (Te 3d5/ 2 ) area ratio. These data have
been measured from many different samples and the =NckLtR 2-2[.-(RA.,+X.)exp(-R/ ']I. tli
different area ratios are the results of different prepara- T e

tion conditions. The relation between this area ratio and This relation is valid as long as the area covered by the
the preparation conditions will be discussed in the last clusters is small compared to the total sample area. R is
section of this paper. The A (Hg)/A (Te) area ratio is re- the average cluster radius, , the cluster concentration.
lated to the average cluster radius. The intensity model X, the effective photoelectron escape depth, and k is a
described in Ref. 14 can be adapted to the present prob- constant depending on XPS sensitivity factors and on the
lem and the following relation is obtained: density of the Hg clusters. X. is related to the photoelec-

tron escape depth . and to the mean electron escape an-
gle B (.,=Xcos). If N, has approximately the same
value for all the samples studied here, a plot of E8 versus
r is equivalent to a plot of E, versus R on a nonlinear
scale. Some scatter observed from our data is most likely

CdTs(t1lB due to slight differences in N, between different samples.

I TS4d The binding-energy decrease observed in Fig. 3 with in-
creasing cluster size is a common feature for small metalclusters. In the case of metal clusters supported on insu-

zulating substrates, Wertheim et a. 3' 3 have shown that

oulkI positive binding-energy shifts with decreasing cluster size
can be attributed to the Coulomb energy -e./2R which

S suraacO is due to the positive charge appearing on the cluster sur-

face during the photoemission process. The unit charge
S, A. in the photoemission final state is not neutralized during
- - _- _ - .... the time scale relevant to photoemission. The resulting

Coulomb attraction will therefore increase the measured
44 43 42 41 40 39 38 binding energy of the photoelectrons from the cluster.

The same explanation was used in Ref. 14 for the case of
Bindlng energy (eV) Al clusters on Sb( Ill) substrates. We now suggest that

this explanation may also be extended to the case of small
FIG. 2. Te 4d core-level spectrum from CdTe(ll ) B. The metal clusters on certain semiconducting surfaces. For a

solid line is obtained by least-squares fitting of individual corn- typical cluster concentration of N, = 6 x 1011 cm ,. the
ponents (dashed lines) to the data. The binding-energy scale is cluster radii correspunding to Fig. 3 are found in the
referred to the Fermi level. range of 5-20 A using Eq. (1). A rough estimation of the
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corresponding Hg 2 coverages e yields 10-10i" with no direct energy overlap, the two sets of d !eels in-
atoms/cm,. These coverage values are rather insensitive teract. The result is a repulsion between these d itates
to the values of .V,, whereas the quoted radii are more proportional to their original energy separation, which

strongly dependent on .V,. The reasonably smooth be- then reduces the apparent spin-orbit splitting of either

havior of the data in Fig. 3 over a narrow range for the subsystem. For the smallest clusters, almost all the Hg :

cluster radii (5-20 k) is an indirect evidence for N, being atoms are in contact with the Hgl_,CdTe surface.

relatively independent on the details of the sample whereas the repulsion is reduced for the larger clusters

preparation. Figure 3 compares very well with results due to the increased Cd-Hg' 21 distance. A similar ex-

published in the recent literature concerning Au on planation has been invoked by Eberhardt et al. in the

amorphous carbon 2 3 and Ag on amorphous carbon. 15 In case of Cu3Au alloys.19

all the cases, the binding energy for the bulk metal was We have adsorbed Hg on MBE-grown CdTei 11) sam-

obtained for coverages between 10t and 1016 atoms/cmr2a pies. The samples were kept at room temperature and

Extrapolation of our results, according to a e 2 /2R depen- the estimated Hg flux was approximately 2.5 - 10"

dence, yields Es(Hg' 2
) 4f7/,)=100.2±0.2 eV for large atomscm- 2 s - . This value was determined using

cluster sizes. This is close to the value for bulk Hg (99.9 Knudsen's effusion law. Hg 4f, Cd 3d, and Te 3d spectra

eV).'' The solid line in Fig. 3 shows this e2/2R behavior have been measured after exposures of 35 and 45 mim. re-

adjusted to our data, using the values for R deduced from spectively. Only one component was then detected in the

Eq. (l) with V, =-6x 10 cm - 2. There might be a satura- Hg 4f?/ 2 spectra. The corresponding results are

tion or even a slight decrease for very small cluster sizes, represented by the open circles in Fig. 3. These results

as already reported for Al on Sb(lll)."1 However, we do agree with values measured for Hg'21 on Hg,-,CdTe.

not want to draw this conclusion, due to the insufficient This is a further evidence that our interpretation of Hg -

number of data in this particular region. is correct. We also note that for these two exposures, the

Another striking feature of Hg' 2
) is the variation of the ratio of the Hg coverages quoted in Fig. 3 is in excellent

apparent spin-orbit splitting of the Hg' 2
1 5d levels with agreement with the ratio of the Hg exposures.

Hg' 2 coverage E. Figure 4 shows this energy separation The last section of this paper is devoted to a tentative

versus the intensity ratio r defined above. A total in- identification of the origin of the Hg clusters on

crease of 0.5 eV is observed with increasing cluster size. HS _,, C d T e surfaces. Two possible sources of these Hg

A saturation occurs at 1.7 eV, which is close to the value clusters are readily identified: either the Hg in the

for bulk Hg (1.86 eV).17 The spin-orbit splitting for iso- Hg ,Cd.Te crystals or the residual Hg in the growth

lated Hg atoms is known to be equal to the value for chamber during the cooling of the grown layers.

liquid Hg.' 7 Our measured values of the apparent spin- The cooling of the layers from the growth temperature

orbit splitting are thus even smaller than the value for (175-195"C) to a temperature low enough to take the

isolated atoms. This can be explained by the repulsion samples out of the growth chamber (typically 5O C takes

between the Cd 4d and Hg 5d levels, as initially discussed on the order of I h. During this time, the Hg flux is pro-

by Moruzzi et aL 18 In systems with two d metals, even gressively reduced from a value of typically I S 0 I' "

atoms cm- 2 s - I to zero. The amount of Hg in the lus-
ters obtained by this procedure is comparable with the
amount obtained by exposing a CdTe(I 11) 8 surface at

1ot3 Hg cav.ag.t , iatam 0o room temperature to an estimated Hg flux of 2 S - 10'"
1. . r j atomscm 2 s - I during at least 30 min. As the HI stick-

Hg,7 - Mg-_o 'cdxT0" ing coeffcient on CdTe is expected to decrease *,ith in.
r kcreasing temperature and based on the fact that the Hg

,flux used for the adsorption experiment was always

1.e 7 higher than during the cooling of the Hg1 -, Ca, re %am-
I pies, we conclude that Hg adsorption on the

M 15- T Hg 1 _,CdTe surfaces during the cooling cannot be the1 only reason for the formation of Hg clusters on (hee sur-

.4 - 1 faces. We therefore suggest that out-diffusion of HS from
the samples contributes significantly to the formation of

Nthe Hg clusters.

1 1A mercury atom reaching the surface _)( a
Hg1._..Cd Te sample can (I) combine with sny awailable

1.2 free Te atom, (2) migrate on the surface until it reu he a
nucleation site and contribute to the formation of Hg

3 4 5 66a 10 20 0O 3 .30 ,0 60 a10 Io -  clusters, or (3) desorb from the surface. Partmeters like
AQ24$7 1 )Ai~SO 52,~1 Wes 1606. the substrate temperature or the number and tq.pe of iur-

face defects certainly play a major role in determining

FIG. 4. Hg"' 5d apparent spin-orbit splitting vs A(Hg'2 ' which of these steps will be the dominant one. the three

5f,,z ,)/A(Te 3d,,1) area ratio. The Hg coverage has been es- possibilities exist regardless of whether the HS itom

timated using relation (I) with N, = l011 cm - . For details see reaches the surface by out-difflusion from the bulk or by

the text. condensation from the Hg vapor. However. it is lear
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that the amount of Hg in the sample should affect the TABLE I. Intensity ratio 4(HS,2 4f'.,2i/4Te 3d, , or
amount of Hg in the clusters if out-diffusion is the major the HS clusters along with the growth temnperature in-d the
source of Hg atoms going into the clusters. Such a rela- composition of the Hg, - ,Cd,Te samples.
tion has been observed (Table 1). For different samples ,(C -A Hl4.:/4 T d iprepared at the same temperature, the amount of HS in T C - 4H"4-~.4T d
the clusters is found to increase with the Hg concentra- 185 0.065 9.7x 10-
tion in the HSI -,C~ samples. The exact relationship 185 0.740 4.4x 10-2
between the two intensities certainly depends on the dis-
tribution of the Hg in the clusters and in the 195 0.045 4.8 x 10'

Hgl..Cd1Te, as well as on the details of the diffusion 195 0.057 9.3 x 10-'
mechanism. Furthermore, the data in Table I are con- 195 0.085 1.6 x 10-
sistent with the assumption that the amount of Hg in the 170.977) -
clusters increases with increasing temperature for a given 175 0.065 (7.7< tO-'
sample composition. This would not be easy to explain if 195 0.057 9.3 -, 10-
condensation from Hg vapor was the main reason for the _______________________

cluster formation, whereas enhanced out-diffusion com-
bined with higher surface mobility is likely to increase
the amount of Hg in the clusters. However, increasing spin-orbit splitting of the Hg 5d levels is smaller than for
the substrate temperature also favors the Hg desorption. bulk Hg and even smaller than for isolated Hg atoms.
Many more experimental results as well as a detailed This is attributed to repulsion between the Cd 4d and Hg
study of the corresponding surface kinetics are thus 5d orbitals for the smallest clusters, where almost all the
called for. A future study should also reveal whether the Hg atoms are in contact with the HSI _,CdTe substrate.
out-diffuising Hg was initially bound to Te or instead lo- Finally, we have shown that Hg out-diffusion from the
cated in interstitial lattice sites. This is very important bulk is probably the major reason for the formation of
for an understanding of the thermal stability of these ma- these clusters.
terials. The existence of interstitial Hg is indeed expected
due to the high Hg overpressure needed during the
growth of Hg1 , Cd., Te.20  ACKNOWLEDGMENTS
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X-ray photoemission study of Hg clusters on Hg1 _ -,CdTe surfaces
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Hg, -, Cd, Te ( 111 )B surfaces have been studied with x-ray photoelectron spectroscopy (XPS).
A surface shift is deduced from a careful analysis of Te 4d core-level spectra. The presence of
small Hg clusters on these surfaces is observed, and the size is estimated from the XPS data
(R = 5-20 A.). The positive binding energy shift for these clusters agrees very well with the
calculated Coulomb energy due to the positive charge which appears on the clusters during the
photoemission process. The origin of these clusters is briefly discussed.

I. INTRODUCTION Chromel-Alumel thermocouple and, whenever possible. by

The study of the microscopic properties of surfaces and in- an infrared pyrometer. The measurements have been cali-

terfaces of semiconducting materials is very important for brated using the melting points of indium and tin.

the understanding and development of modem microelec- The samples were kept under ultrahigh vacuum condi-

tronic devices. A detailed investigation of the growth of such tions as they were transferred to the XPS chamber. The mea-

surfaces and interfaces is necessary due to the dramatic min- surements were performed with a SSX- 100 spectrometer

iaturization of the devices. In this paper, we report on the from Surface Science Instruments. A monochromatized and

study of small mercury clusters on Hg, -, Cd. Te surfaces. focused Al K. excitation line was used with the spot diame-

The presence of small Hg clusters on the surfaces of some ter set at 300 pm. The overall energy resolution measured on

1I-VI semiconductors has first been suggested by Reno et the Au 4fcore level is 0.7 eV. The position of the Fermi level

al.1 to explain some x-ray photoelectron spectroscopy was determined from the position of the Au 4f,, 2 line mea-

(XPS) results concerning the Hg incorporation in CdTe sured from a bulk gold sample. The corresponding binding

during the growth of HgTe-CdTe superlattices by molecu- energy was fixed at 83.93 eV.

lar-beam epitaxy (MBE). The common growth technique
for HgTe-CdTe superlattices and other superstructures, III. RESULTS AND DISCUSSION
such as single and double barrier tunneling structures, in- The discussion of the results will be organized as follows:
volves leaving the Hg cell open at all times.'" As a result, the First, we will focus on a detailed analysis of the XPS spectra
CdTe layers are not pure CdTe layers but instead from Hg, - ,CdTe samples. It will be shown that two types
Hg,- ,Cd, Te with typically 3%-9% of mercury for the of mercury exist on these surfaces. The existence of a surface
(I I I) B orientation.' In addition to Hg bound to Te atoms, shift on the Te 4d core level will be discussed. Thereafter. it
the XPS analysis of these samples revealed the existence of a will be shown that one Hg component is related to Hg bound
second type of mercury with about 600 meV higher binding to Te atoms and that the other is due to the presence of small
energy.'-' In the present work. we show that this second type Hg clusters on the sample surface. Finally, the size of these
of mercury is due to the presence of small Hg clusters on clusters will be estimated, and their origin will be briefly
CdTe and Hg, - ,CdTe surfaces. We also show how the discussed.
size of these clusters can be estimated and used to explain the Typical photoemission spectra from Hg, ,Cd, Te are
characteristics of such clusters. The origin of these clusters shown in Fig. I. The peaks are the Cd 4d and Hg 5d spin-
will be discussed in the last section of this paper. orbit doublets and the Ho 4fAtz. These spectra have been

analyzed for all the samples by a least-squares curve fitting
II. EXPERIMENTAL PROCEDURE procedure. The line shape used for the fits was a Lorentian

The samples were all prepared at the University of Illinois convoluted with a Gaussian
at Chicago in a Riber MUE 2300 machine. CdTe substrates Two types of Hg have been found for all the samples.
oriented in the ( Ill ) B direction as well as GaAs substrates These two types of mercury will be labeled Hg' and H ' in

with a CdTe( II I)B buffer layer were used. The substrate the following discussion. The existence of two components.

preparation and the growth of the appropriate buffer layer quite obvious from the Hg 4f712 spectra, is also deduced
have been discussed elsewhere.2 The layers analyzed here are from the Hg 5d spectra by the curve fitting procedure as
Hg, - Cd, Te with x in the range of 0.15-0.97. The smaller mentioned above. The energy separation between the two
x values were obtained with three MBE sources (CdTe, Te, components, as well as their intensity ratio are deduced from
and Hg) as usual.' The larger values are obtained with only both the Hg 4fand Hg 5d core level spectra. Theie two re-
two sources (CdTe and Hg) as described in Ref. I. CdTe suits are always in very close agreement.
samples on which we have adsorbed some Hg at a typical The identification JiAg" is based on the following method.

exposure of 5 x 1020 atoms cm - have also been analyzed. For Hgi -_CdsTe, the position of the valence band maxi-

The samples were grown at temperatures between 175 and mum is known to bc very sensitive to the alloy composition

195 4C. These sample temperatures were measured using a x. 5.6 As the cation core levels ame known to be virtually inde-
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FIG. 1. Typical XPS core-level spectra from Hg, _ CdTe. The composi- Binding energy (eV1
tion is x = 0.94 (lower spectrum) and x = 0.60 (upper spectrum). The

number of atoms in the Hg 2' estimated using relation (5) is 7x 1011 and
6X 114 m -- ',resectvel. Te bndig eerg isrefrre totheFerlui FIG. 2. Upper parn: Te 4doore-evel spectrum from CdTe( I I1 I B. The solid

Ft× 1.' ycal: Xrelvlspect rafrmvgelydT. The cps inding energy isrferdtote en

le1vme see. The bolidlineisobta in d ngenast-s isqrefere d titg of i l Fem line is obtained by least-squares fitting of individual components (- -. ) to
lev. tsod ne ita the data. The binding energy scale is referred to the Fermi level. Lower part:
nents (- -- ) to the data. difference between the experimental data and the calculated spectrum. The

same spectrum has been fitted with (a) two doublets or (b) one doublet.

pendent of the alloy composition,"-6 the energy difference
between the Hg 5d or Cd 4d core levels and the valence band where Is and 1B are the intensities of the surface and bulk
maximum (VBM) reflects the position of the VBM on an components, d is the distance between (I l )B planes. and
absolute energy scale. A, is the effective electron escape depth. A, is related to the

Tereore wthre t binding eery of the Hgsd ad de electron escape depth A and to the mean electron escape
core levels with respect to the VBM can be used to determine angle 6 (A = A cos8, ,6 = 53"). For our expenment, we
the alloy composition x. The same alloy composition is easily obtain IsI = 0.20 ± 0.03. The corresponding escape
determined from the ratio of the peak areas in the XPS spec- depth as deduced from relation (1) is 3.4 ,- 0.4 nm. The
tra. A comparison of these results shows that Hg" is related characteristics of the surface component (relative intensity.
to Hg in Hgo _ i tCd Te. FWHM, and energy shift) are independent of the amount ofWe have shown earlier that Hg2 ' is due to some mercury Hg'21. The intensity ratio between Hg z' and the surface tellu-

located in the surface region. ,." It is therefore important to Hu" compnent reteo te dernt snsateityllu-

investigate the spatial distribution of this second type of mer- rium component corrected for the different senstvty fac-
cury. tors, is in the range of 0.t1-1. We therefore suggest t hat Hag';"

cury. is related to the presence of small Hg clusters at the surface.
Figure 2 shows a typical Te 4d core level spectrum meas- The spectral characteristics of such small metal clusters

sured on a CdTe( 11 B surface. From these spectra, a sur- are now well established.""" The most striking feature is a
face shift"M of 475 ±4- 75 meV towards higher binding energy size dependent binding energy shift in the case of small metal
was determined by very careful curve fitting. Close examina- clusters on poorly conducting substrates. Dunng the pho-
tion of the residuals, Le., the difference between the calculat- toemission process, the cluster is left with a unit positive
ed and the measured spectra was necessary for the determin- charge which is not neutralized dun the core-hole life-
ation of this surfac component. Figure 2 shows this time." The final-state energy is thus increased by the Cou-
difference spectrum for the same experimental dat, fitted lomb energy, which is e/2R for a charged conducting
with one or two doublets, respectively. In the first case, the sobeer wih /R for anharged cucting
existence of nonrandom oscillations clearly indicates that In the case of small mercury cluntsup , on H Ie Cd Te. the
the fit result is not an adequate representation of the experi- contribution from the clusters is thus expected to shift
mental data. In the second case, where the sum of two doub- towards higher binding energies for small cluster sizes.
lets is used to fit the data, the difference spectrum contains The cluster radius is the relevant parameter for the deter-
only the random noise which affects the original data. mination of the binding inergy shift. The following section

Spectra with the same characteristics have been observed of this paper shows how this radius is determined in a
on Hg, - ,Cd, Te (Ill) B surfaces. All these surfaces are ter- straightforward manner from the photoemission data.
minated by threefold bound Te atoms. In bulk First a series of Hg _,CdTe samples is grown. These
Hg, - ,CdTe, the Te atoms form four tetrahedral bonds samples are analyzed with XPS, and it is found that the prep-
with their nearest neighbors. This is consistent with the sign aration conditions (Cd concentration x, substrate tempera-
of the observed surface shift. ture Ts during the growth, Hg flux during the growth....)

A simple layerwise attenuation model predicts influence the intensity of Hg!'. The relation between these
Is/Ir - exp(d/A, ) - 1, (1) preparation conditions and the intensity of Hg' has been
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described elsewhere." If one assumes a simple exponential
attenuation of the XPS signals, and if Hge" is due to mercury 101 4 Hg - Hg Cd Te
in hemispherical clusters on the surface, the intensity of Hg 2' V
is given by' 2 12101.2 r

A(Hg)"'=kirNcAfR 2 -2[A _ (RA, + A)

× exp( - R/1A,) (2) c

where R is the average cluster radius, Nc the cluster concen-
tration, A, the effective photoelectron escape depth, and k is G
a constant depending on the XPS sensitivity factors and on o
the density of the Hg clusters.

Relation (1) is valid as long as the area covered by the 100.6_
cluster is small compared to the total sample area. The Te
signal is then virtually not attenuated by the Hg clusters. 1 15

Furthermore, the Te signal is independent of the Cd content Custer adus ( )

in Hg, _ Cd, Te. Therefore,

FiG. 3. Hg'2 4f,,2 binding energy with respect to the Fermi level. v sJuster
r = A (Hg 2 ) 4f/ )/A (Te 3d5 2) radius R. 0 are results from HgCdTe samples, whereas the 0 are obtained

=k'Nc, {R 2 -2[A 2 - (RA, + A )exp( - R/A,)} after the Hg adsorption on CdTeat room temperature. The sold line is a

(3) result ofEq. (4). The cluster radis has ben obtained using 
Eq. (3).

as long as NcirR 2 4 1. k'is a constant depending again on the
XPS signal strength from one Hg atom relative to one Te Obviously, the final state charge model cannot be applied
atom, on the Te concentration in HgCdTe, on the density of to nonmetallic clusters. The transition from nonmetallic tothe Hg clusters and on the shape of the clusters. A straight- metallic clusters when the spacing between valence levels is
forward calculation yieldsk'=. 4 . Fromourdata r isin the comparable to kT. The corresponding cluster radius has
range of 4X 10- 3 to 10-'. For a typical cluster concentra-
tion of 6 X 10 " cmb2 , the cluster radii are then found in t eecalculated for Pt by Dicemzo and Wethem. They
range of 5-20 A using Eq. (3). A value of 3.0 nm was used expect metallic behavior in hemispherical Pr clusters thfor ,A, which is quite reasonable for electrons with a kinetic R -- 6 A. As the electronic structure of Hig is similar to the Pt
for of about reV. one, the onset of metallic behavior is expected for clusters ofenergy oes1400 e. the same size. In our case, the cluster sizes deduced from

Figure 3 shows the Hg'2' f7/2 binding energy versus the relation (3) are thus all in the range where metallic behavior
cluster radius R, deduced from relation (2). The solid curve is expected. Together with the reasonable values obuuned
is obtained by the following relation: for E , A, and Nc, this is an indication that our interpreta-
E t= Ebik + E 2/( 1.7 R). (4) tion is correct.

E b"k is the Hg 4f7,/2 binding energy for bulk Hg. A good The formation of small Hg clusters on Hg, _ Cd, Te or
agreement between the experimental binding energies and CdTe surfaces is also confirmed by another experiment. We
the value from Eq. (4) is obtained for E k-- = 100.2 eV, have adsorbed Hg on MBE grown CdTe( Ill) samples. The
which is indeed close to the value for bulk Hg (99.9 eV).' 3 In samples were kept at room temperature and the Hg flux was
practice, an initial guess is made for the parameters Nc and - 2.5 x 1017 atoms cm- 2 s-'. This value was estimated us-
A. The cluster radii are then determined, and the value of ing Knudsen's effusion law. The samples have been analyzed
E "' is adjusted so that a good fit of the experimental data is with XPS after exposures of 35 and 45 ma. respectively.
obtained from Eq. (3). The result can be used to optimize Only one component was then detected in the Hg 4f. : spec-
the values of A, and Ne, and all the parameters are adjusted tra. The corresponding binding energies are repested by
by an iterative procedure. The final result is shown in Fig. 3 the open circles in Fig. 4. These results agree very wel with
for the following values of the parameters: A = 3.0 nm, those measured for Hg" on Hg, -. Cd.Te. 1U correpond-
Mc = 6 XI0" cm-', E " = 100.2 eV. ing coverages as deduced from Eq. (5) are 1.6 K 10' and

The coverage corresponding to Hg") is given by 2.3 X 10" atoms cm -', respectively. The ramo of these cov-erages agrees with the ratio of the Hg exposum The stick-
i rR 2 p Vc, (5) ing coefficient for Hg on CdTe(1 I 1) B surfathts found

3 M on the order of 3 X 10-7, which is still about three orders of
where p is the density of the Hg clusters and M is the Hg magnitude lower than the sticking coefficient of Hg during
atomic mass. Ifp is taken equal to the density of bulk Hg, 0 is the MBE growth of HgCdTe(Ill). This 'value should
found in the range from 1013 to 10

ns atoms/cm2 . Figure 3 however be taken with caution, because it is based on the
compares very well with results published in the recent liter- application of Knudsen's effusion law, which is only an ap-
ature concerning Au on amorphous carbon' 3" and Ag on proximation in this case, due to the relatively high Hg vapor
amorphous carbon. " In all the cases, the binding energy for pressure in the ceil. Furthermore, the density of the Hg clus-
the bulk metal was obtained for coverages between 10 s and ters might deviate from its bulk value, and thi affects the
10' atoms/cm2. results of Eq. (S).
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In the last section of this paper, we will summarize the son for the formation of these clusters. Finally, we have
influence of the preparation conditions on the intensity ratio shown that such clusters can be obtained by adsorbing some
r and thus on the cluster R. The amount of Hg'2' on HgCdTe Hg on CdTe( I Il ).
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VI-3 HgTe-CdTe: VALENCE BAND DISCONTINUITY

VI-3-1 DIRECT MEASUREMENT OF THE VALENCE BAND DISCONTINUITYAT 300K BY XPS

The valence band discontinuity (AEv) of the HgTe-CdTe heterojunction has

attracted much attention since its first determination in 1982 along with much

controversy, both theoretical and experimental, concerning its value. The magneto-

optical and resonant Raman scattering I measurements performed at low temperature

yield a value of less than 120meV for AEv of the HgTe-CdTe(111)B heterojunction.

This result agrees with the prediction of the common anion rule2. The core level

X-ray photoelectron spectroscopy (XPS) measured 0.36eV 3 ,4 at room temperature

in agreement with other theoretical predictions5' 6 . The method of determination

using only the cation core level difference is questionable because there is no

proof that the difference between the core level and the valence band maximum

in the two semiconductors does not change when the heterojunction is formed.

This change, which could be due to band bending and/or interface chemical effect,

would make such an indirect determination Inappropriate. Therefore, we have

investigated the valence band structure (VBS) of the heteroJunction and present

here the first direct measurement of the valence band discontinuity of the HgTe-

CdTe heterojunction.

The HgTe-CdTe(111)B Interface was grown in the MBE chamber and transferred

under UHV conditions into the analysis chamber. The thickness of the thin overlayer,

as determined from the core level XPS peak area, was chosen between 15A and

30A. The X-ray source used here is the Al K~ 1 line which has the energy of

1486.6eV.

Since the escape depth of the valence electrons of the interface, here, is

comparable with the thickness of the overlayer, the Interface XPS spectrum covers

the VBSs of the overlayer, substrate, and Interface region. We have reported that

the intensities of the substrate and overlayer core level peaks vary with thickness

in a manner consistent with an exponential attenuation, indicating that the Interface

is abrupt in the monolayer range1 . In other words, the interface region is so

narrow that the contribution of It In the Interface XPS spectrum of the VBS can

be neglected.

The principle of the direct measurement of the AEv of HgTe-CdTe interface is

to deconvolute the VBS of the Interface spectrum using the normalized HgTe and
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CdTe valence band distribution. This normalization considers two parameters.

One is the attenuated intensities of the clean substrate due to the overlayer.

The other one is energy shifts due to the interface band-bending effect. After

least-square fitting process, the value of AEv can be obtained. We report here

that the best fit gives an average value of 0.40eV for the valence band discontinu-

ity of HgTe-CdTe(111)B interface with different thicknesses and growth sequences.

This result agrees with the result measured from the core level XPS method3 , 4 .

We have also extended this method to the measurement on the AE v of the HgTe-

CdTe heterojunction In the (100) orientation and found that AEv Is equal to 0.290

eV.
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VI-3-2 ELECTRICAL DETERMINATION

Several Hgl.xCdxTe-CdTe-Hgl-xCdxTe heterostructures with different x, doping

level and barrier thickness have been grown by MBE at the University of Illinois.

The study of the current voltage behavior resulted in a determination of a

valence-band discontinuity AEv = 390 ± 75meV at T = 300K. This result is in

reasonable agreement with XPS results.

This work has been done in collaboration with Prof. McGill group at Caltech.

For more details see the attached paper. However, similar analyses of current-

voltage data taken at 190-300K suggest that the valence-band offset decreases at

low temperatures in this heteroJunction.

ATTACHED PAPERS:

1. "Electrical determination of the valence-band discontinuity In HgTe-CdTe



Electrical determination of the valence-band discontinuity In HgTe-CdTe
heterojunctions

D. H. Chow, J. 0. McCaldin, A. R. Bormefod. and T. C. McGill
r.1. Watson. S, Laborotory of Applied Physics California Institute of Technoloay Pasadena.
Caftfornia 91125

1. K. Sou and J. P. Faurie
Department of Physics. University of Illinois at Chicago Chicago. Illinois 6065

(Received 17 August 1987; accepted for publication 22 October 1987)

Current-voltage behavior is studied experimentally in a Hg&,7 Cdo.2Te-CdTe-H&,,7$Cdo22Te
heterostructure grown by molecular beam epitaxy. At temperatures above 160 K, energy-band
diagrams suggest that the dominant low-bias current is therinionic hole emission across the
CdTe barrier layer. This interpretation yields a direct determination of 390 ±75 mel' for the
HgTe-CdTe valence-band discontinuity at 300 K. Similar analyses of current-voltage data
taken at 190-300 K suggest that the valence-band offset decreases at low temperatures in this
heterojunction.

The HgTe-CdTe heterojunction is the budlding block for the sample were performed, with over 100 devie teste in
a number of interesting device structures which have been totalat room temperatture Roughly 25%ofthaevces were
experimentally realized. These include the HgTe-CdTe su- "short-crcuits," with markedly higher currents and nearly
perlattice,' " the resonant tunneling HgTe-Hg, _.Cd ,Te linear current-voltage (I-VF) curves. The =sami of the
double barrier heterostructure." and the single barrier devices displayed uniform behavior, with- overall current
Hg, - , Cd. Te negative differential resistance heterostruc- densities deviating by no more than 20%. Measured cur-
ture. 10 "In all of these structures, the valence-band offset, rents from the fabricated devices were found to be piopov -
AA, at the HgTe-CdTe interface is an important quantity in tional to device area indicating that edge transport mecha-
determining device behavior. Several theoretical and experi- nsm were not signillcant.
mental values of AE, have been reported'- Most recent- Figure Itis an energy-band diagram for the hettrostrac-
ly, x-ray photoemisuion spectroscopy (XPS) experiments ture under an applied bias of 50 mV, calculated by solving
on HgTe-CdTe heterojunctious have yielded values of ap- Poisson's equation self-consistently via the method of Bon-
proximately 350 mel' for AE. at roo temperature. 16-1 nefos et aL12 It should be noted that the calculated band
These results are in serious disagreement with most interpre- diagram is independent of the values of the band oftets,
tations of published superlattice phtliiecnedata, except for an overall shift of the conduction- and valsoce-
which indicate that AR,, must be nearly 0 meV to explain the band edges in the CdT. layer. Figure I suglgests that the
observed high-energy luminescence -%- The XPS results are dominant source oficurrent at high temperatures a the thai-
also in apparent disagreement with earlier low-temperature inini emission of holes from the HgoN QC22 Te claddail
magnetoabsorption experiments which yielded a value of 40 layeus across the CdTe valence-band barrier. It is nmportant
meV for AE,, ,0 although it has been suggested that these two to note that the n-type doping of the electrodes doss no
measurements could be consistent with each other if AR,, a
temperature dependent.2'

In this letter, we report at direct electrical measurement 1 200 -WT CT - C o
of the valence-band discontinuity at the HgTe-Cde inter- W W
face. The sample studied was grown on a semi-in-slatng
GaAs substrate by molecular beam eputaxy (MB3E) ina __. FIG. 1. Caomed~ bon dw

Riber 2300 system. The active region consisted of a Wd~e jto fb nH,*A"*
barrier layer sanwichd between two H16.7 C422n Te dlec- *,CdT* U 6"~ T* angl

bo. n hemuwnam -ne
trodes. Transmission electron microscopy (TEM) showed an a.pW vak d u
that the CdTe layer was ISO A thicI. The HsL7* CdaniiTe 40 no uh pper (lonst) loU

electrodes were doped n type with indium, to a carrier co-repnom tin avomamm

centration of 3.6X 10" cm3 at 30 K. The top (bottm Etim.lo o(dmom a d etom
electrode was 0.5#in(3 #in) thick. A2.5.llsmCdTe buffer 0 =C..... otra"b romn" hemp
layer preceded the growth of the active device region of the tannin t FPm m a
heterostruture. Mesas were fabricated in the sample by wet moc Of dh *v %
etching with Dr2;HBr:H 20 in a 0.005: 1:3 ratio. Au was used M-.M d* on 1
to make ohmic contacts to both the tops of the mesa and the ThCd.,w 10
etched Hgo , Cdo.22 Te surface forming a set of isolated two-
termninal devices. The mean were circular, with diameters -200 a 200 400
ranging from 35 to 70Mpi. Several distinct preparations of Distanc. (A)

2230 Ao. Pfiva Left 11(26), 250owsnvr 17 0000451/97/52220SI .00 *V 156? mNnset " atU~ ft 2=wu



prohibit this transport mechanism because the band gap n wave vectors were determined from the simpie 'ne-oan -

Hgo,,Cdo22 Te is small (=200 meV).-" At zero applied formula.
bias. the size of the potential energy barrier which the holes The total current density / is the sum of J,,./ and . .,.

cross is given by In general, the thermionic current density is calculated more
= E, + E -Z 22) + . -0.02 accurately than the tunneling current density because t *r is

,, strongly dependent on many parameters. such as the barner

where Er is the Fermi energy relative to the conduction- thickness, CdTe effective masses, and the applied voltage. It

band edge in the Hgo. n Cdo. 22 Te electrodes, E'*. o is the is therefore prudent to restrict analysis of experimental data

electrode band gap, and E = o ' is the valence-band off- to those voltages at which J,h.,,. is expected to dominate. For

set between Hgo.,. Cdo.22 Te and CdTe. For all reported this heterostructure, it has been estimated that J,,. be-

theoretical and experimental values of AE,, the potential comes large (greater than 30% of the current) when V> 100
energy barrier for thermionic emission of electrons is much mV. At room temperature, Jh, andJh,W, are much greater

larger than *I. It follows that thermionic electron cur- than the electron tunneling current J,.. However, negative

rents can be ignored for this heterostructure. differential resistance regions have been observed in I-V

A simple theoretical treatment, similar to the Bethe characteristics taken at T = 4.2 K, indicating that electron
model for Schottky barrers,' can be employed to calculate tunneling becomes an important transport mechanism at
thermionic hole current densities across the CdTe barrier as low temperatures. These results will be reported elsewhere. "
a function of applied voltage. The resulting expression is Figure 2 contains a typical experimental current den-

/A - '+ cqV - .qP sity-voltage (J-V) characteristic, taken at room tempera-
A T exP hoe . [I U exp AF , ture. Also shown is a theoretical curve, which is obtained by

setting AE ".o. = 285 meV in our simple model of the J-

whereA 0 is the modified Richardson constant, Tis the tern- sei o.22) - 285 m en u iri o the u-
perature, Vis the applied voltage, q is the hole charge, k is the V behavior. AE 0 2 1 was chosen by requiring the calcu-

Boltman costat, nd cis he racionof te ttalappied lated and experimental currents to be the same at 50 mV, and
voltana constant, and c is the fraction ofthe total appied was the only adjustable parameter used. Selecting different

voltage which drops across the positively biased values of the applied bias results in variations of &E ' "0 22)
Hgo.,gCdo. 22 Te electrode. For this single barrier hetero- byruly±oeovrhotgrngO-Om.wl
s A~ "is 120(Mo)iAc zKwer i h nt by roughly +L 10 meV over the voltage rangeO--200 mV. well

structureA is ) in A/cm 2 K2 , where m is the nit- beyond the 100-mV limit discussed above. This supports the
leas hole mais. The contributions from the light- and heavy- assertion that virtually all of the current in the heterostruc-
hole bands are summed to give the total current from this ture is due totin and Jbom. In fact, the shape of the theo-
mechanism. It is important to note that the factor c is a func- retical J.V curve is nearly independent of the choice of
tion of the voltage applied across the heterostructure, and rE a 2- o2V', which enters the expression for th,, only in a

must therefore be calculated from the energy-band diagra- vla-i02)pwnhenterslthpressio faor. O ny inea
for each individual bias condition. The value ofc generally is voltae-independent multiplicative factor. Over 7 devices
in the range 0.25-0.40 for the heterestructur studied here, (those which were not shorted, as described previously)
as compared to the cme of a Schottky barrier, where c - I. were tted at room temperature. In all cases. in i022

For applied voltages of approximately 50 mV and high- was found to be within 0 meV of the u e robtaed i Fig.
er, tunneling of holes across the "triangular-shaped" CdTe 2. Due to the presence of Hg flux during the growth of CdTe
barrier makes a contribution to the total current through the yers, it is expected that the barrier material is actually
hetrtctr This transport mechanism can be treated HluofC ,Te.' 0 Therefore, the experimentally obained

theoretically in a nim which is analogous to the model vslue of it actusily represents the valence-band
for the thermionic hole current. The resulting expression for disontinuty at a Hg0 , Cd02 2 Te-Hg 0o Cd0, Te interface.
the hole tunneling current density, .m, difier from that 400

for Jo,, by an integral term which replaces the factor
exp( - A?"' /kT}: oJ-V Curve

exp( &E 12'/7) -T - 300 K

r -a +E - 390 meVjm , 4,T . _. ____T ___ 500__ x- o

AM.=A OT2exp(
- Experiment FIG. 2. p pmniu J-'V

...... Theory Cuve (sOid IM) taken
at room tensperefure.x'- ex( O 4- -2du

20 i Also pltted a a bet fit
200 curve caulae for a

In this expesion, HlTeCdTe ' ence-
.~a oftd o( 390q meV

u2/2 - mrv?/kT, (dbed le iE, s the
only adjtaau Parm-where v, is the group velocity of the holes in the growth 0 i eter usd to ge emra the

direction, u,- (2AE 0 /- )/kT) , and t St is the trans-bes fi curv
mimion €icent for holes tunneling through the CdTe
barrier. In this study, we have calculated t *t via the Went-

zel-KrsmersB-rillouin (WKB) method. A two-band k-p 0
theory formula2s was used to fn imaginary light-hole wave 0 ,00 200

vectors in the CdTe barrier, while imaginary heavy-hole vote (-v)
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.aXssuming a linear variation of the valence-band edge in which is much smaller than the room-temperature %ai ue.
Hg, , Cd, Te with x. %.E,. is then determined to be In this letter, we have experimentally and theoretically
390 -75 meV. The estimated error has been assigned by studied the current-voltage behavior of a Hg, ,1 Cd1,2, Te-
combining the previously discussed variation in &E."' -02' CdTe-Hgo,?a, Cd,,.z2 Te heterostructure. Interpretation of the
with the following sources of uncertainty: (i) nonuniformity measured current as being dominated by thermionic and
across the sample. (ii) uncertainty in cladding layer compo- tunneling hole currents resulted in a determination of
sitions and band gaps, (iii) the percentage of alloying of the AE, = 390 ± 75 meV at T = 300 K. This result is in reason-
CdTe barrier due to incorporation of Hg during growth, and able agreement with recent XPS measurements. A similar
(iv) errors made in determining the transmission coeffi. analysis of low-temperature data indicates that the valence-
cients for hole tunneling, band offset has a strong and previously unreported tempera-

Further I- V measurements were made on over 20 de. ture dependence, with &E becoming smaller for low T.
vices in a low-temperature microprobe station. Electron tun- However, other transport mechanisms may have contribut-
neling currents were found to be insignificant for tempera- ed to the low-temperature currents, leading to erroneously
tures above 160 K. Consequently, we report data here for low values of AE
190 K and higher. Analysis of the low-temperature data was We wish to acknowledge S. Nich for providing us with
performed in the same manner as described previously for important TEM data and 0. J. Marsh, T. K. Woodward,
room-temperature measurements, producing theoretical I- and M. B. Johnson for valuable discussions and assistance.
V curves which agreed within 5% of the experimental char- This work was supported by the Defense Advanced Re-
acteristics over the voltage range 0-100 meV. search Projets Agency under contract No. N00014-86-K-

Figure 3 is a plot of the values of t.E, which were deter- 0841 and No. F49620-87-C.0021. One of us (DHC) re-
mined as a function of temperature, along with a corre- ceived financial support from International Business
sponding scale for &V~ " " Examination of Fig. 3 reveals Machines Corporation.
that the band offset is found to vary strongly with tempera-
ture-an effect that has not been reported previously, to the
best of the authors' knowledge. For example, it is found that '3. N. Scule andl T. C. McOiil Appi. Phys. LeAt. X4.663 (1979).
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pendence yet estimated. It is possible thta transport mocha- IS. R. Hetler. J. P. Baukos. A. T. Hunte, 3. P. Faurilik P. P. Chow, and T.

whic hasnot een onsiere maybe cntriutin to C. McGiL. Appi. Pb,,. Lett. 47, 260 (1925).nism whc'a3o.be osdre a ecntiuigt P. Fauri. 3. Rato. and Kd Dalumhe, J. Cryst. Growth 7Z. 111
the observed currents. This could lead to false determina- ( g~)
tions of the low-temperature band offsets. However, the ob- 11. P. Bauku& A. T. Hunter. 0.3. Mwas. C H Jone. G. Y. Wu. S. R.
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VI-3-3 TEMPERATURE-DEPENDENT PHOTOEMISSION STUDY OF HgTe-CdTE

VALENCE-BAND DISCONTINUITY (A)

Temperature-dependent experiments using x-ray photoelectron spectroscopy

(XPS) and ultraviolet photoelectron spectroscopy (UPS) have been carried out in

order to figrue out if the discrepancey beteeen optical data and photoemission

experiments could be explained by a temperature-related variation of A. (see

section VI-3-1)

The samples have been cooled at 110K for the XPS experiments and at 50K

for UPS. At room tmperature we confirmed that A Is positive (i.e. HgTe VBM lies

within the forbidden gap of CdTe In the heterostructure) and relatively large (A =

0.35 ± 0.05eV). Moreover we found that A changes by only a few millivolts

between 300K and 50K, with an estimated uncertainty of -60meV.

Therefore, the relatively large discrepancy reported before cannot be explained

In terms of a temperature dependence of A. For more details see the attached

paper.

ATTACHED PAPERS:

1. "Temperature-dependent photoemission study of HgTe-CdTe valence band

discontinuity"



Temperature-dependent photoemission study of HgTe-CdTe
valence-band discontinuity

R. Sporken
Physics Department, Univwny of illinoua: Chicago, Chicago lllinoi 60680 and Facul. Univenitair
Notre-Damede la Paix Labomtoire nterdic:iplinairede Spectrmcopie Electroniqu Namur. Belgium

S. Sivananthan and J. P. Faurie
Physics Department University oflilinois at Chicago. Chicago, Illinois 60680
D. H. Ehlers, J. Fraxedas, and L. Ley
.Ifax-Planck-InstitutfuirFestkrperforschung, Stuttgart. Federal Republic of Germany

J.J. Pireaux and R. Caudano
Facultis Universitaires Notre-Dame de la Pai. Labomtoie Intrdisciplinaire de Spectroscopie Electroniquc
Namur, Belgium

(Received 1 October 1988; accepted 9 November 1988)

We have studied the temperature dependence of the CdTe-HgTe valence-band discontinuity with
x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). The
samples have been cooled at 110 K for the XPS experiments and at 50 K for UPS. At room
temperature, we measure a valence-band discontinuity of 0.35 ± 0.05 eV, in agreement with
previous photoemission results. The valence-band discontinuity is found to change by only a few
millivolts between room temperature and 50 K, with an estimated uncertainty of - 60 meV.

I. INTRODUCTION suits yields a direct determination of 390 75 meV for the

HgTe-CdTe superlattices have received a great deal of inter- HgTe-CdTe valence-band discontinuity at 300 K. The anal-
est over the past several years due to their potential use for ysis of current-voltage data taken at 190-300 K seems to

infrared detectors.' One important parameter in determin- indicate that the valence-band offset decreases at low tern-
ing the electronic properties of these superlattices is the va- perature in this heterojunction.
lence-band discontinuity A between the HgTe and CdTe lay- In this paper, we present the results of photoemission ex-

era. The value of this valence-band discontinuity has been periments. We will show that the large difference between
the subject of many theoretical and experimental investiga- results from photoemission and from optical experiments
tions. Nevertheless, it is still a matter of considerable dis- cannot be explained by a temperature dependence of A.
pute.2  IL EXPERIMENTAL

The first direct determiVstion of A with x-ray photoemis-
sion spectroscopy was performed by Kowalczyk et aL3  All the samples analyzed in this work were grown by mo-
These measurements required a few minutes of air exposure lecular-beam epitaxy (MUE) in a Riber MBE 2300 ma-
of the sample. They found a positive valence-band discontin- chine. CdTe( IlI)B substrates were used. The substrate
uity of A = 0.35 ± 0.06 eV; i.e., the valence-band maximum preparation and the MBE growth have been described else-
of HgTe lies within the CdTe bandgap. A very similar value where.9 Three types of samples have been measured: 200-
(A = 0.36 ± 0.05 eV) was obtained by Duc et a' using x- nm-thick layers of CdTe and HgTe and heteroutructures of
ray photoelectron spectroscopy (XPS) without exposing HgTe-CdTe. These latter samples were 200-nm-thick HgTe
the samples to air. layers covered with 1-3 nm thick CdTe layers. The samples

On the other hard, experimental data from resonant Ra- were then kept under argon until they were introduced into
man scattering,5 from infrared transmission and lumines- the spectrometer. The meaurements were carried out first
cence and from magneto-optical experiments' agree with a in a Hewlett-Packard 5950A electron spectrometer with a
small valence-band discontinuity (A < 120 meV). The rea- monochromatized Al Ka sorc The sample temperature
son for this discrepancy between the optical data and the could be varied between 110 K and room temperature for
photoemission measurements is still not understood at the these measurements. A second batch of samples was mea-
present time. The XPS results were obtained at room tem- sured in an ADES400 spectrometer with a He resonance
perature, whereas the optical experiments were carried out lamp. In this latter case, geatle argon ion sputtering
mainly at low temperature It has therefore been suggested (E, =a 50 eV) was required to clean the samples. due to the
to perform temperature-dependent experiments in order to higher surface sensitivity of ulitraviolet photoemssmn spec-
figure out if this discrepancy can be explained by a tempera- troscopy (UPS) as compared to XPS. In the ADES-400
ture-related variation of A.' spectrometer, the samples could be cooled with liquid heli-

Direct electrical measurements of A on a single-barrier um. In practice, the lowest temperature we have used for the
heterostructure Hg, ,8 Cdo, 2Te-CdTe-Hg.7gCdo.22 Te measurements was --50 K. At lower temperatures. severe
have been reported recently.' The interpretation of the re- sample charging occurs with the CdTe samples. As a result,
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it becomes impossible to measure UPS spectra over a reason-
able period of time below 50 K. CdTE-NgTo

XKPS

Ill. RESULTS

A. X-ray photoomisaion spectroscopy

The determination of the valence-band discontinuity be-
tween HgTe and CdTe with XPS has been discussed in sever-

al papers.3' 7 The method is based on the measurements of
three energy differences: &E 0  (Cd ads2
- Hg 5d, 2 ). EH T"  - E sTe and E T  - E T.-- I d., . VlM Cd 4d.,, --1 V eM. is 10 5 0

AEc1 (Cd 442 - Hg 5ds/2) is the energy separation be-
tween the Cd 4ds/2 and Hg 5d/2 core levels across a HgTe-
CdTe heterojunction, E e , s is the binding ener- Fti. I Compxrison between the XPS spectra of the Hg 3d and Cd 44 core

gy of the Hg 5d5/2 core level with respect to the valence-band levels and of the valence band measured on a CdTe-HgTe heterojunction at
maximum (VBM) in HgTe, and T, - EdTO is the room temperature (solid line) and at 110 K (dots). The binding energy is

corresponding value for the Cd 4dQ5 2 core level in CdTe. The measured with respect to the Ferm level
valence-band discontinuity is finally obtained according to
the relation: B. Ultraviolet photoomlssion spectroscopy

UPS spectra were recorded using the He i (/v = 21.22
S Sd.,: - V - Cd 4d.,- vM eV) and He I (hv = 40.82 eV) excitation lines. The samples

+ AEa (Cd 4/2 - Hg 5ds,2)• (!) were cleaned by gentle argon-ion sputtering, and the sample
cleanliness was inferred directly from the UPS spectra. The

The position of the core levels involved in Eq. (I) is ob- geometry used for this experiment was grazing incidence

tained from a least-squares curve-fitting procedure. The and normal emission. However, k resolution is lost due to the
most critical part is therefore the localization of the valence- surface roughening induced by the sputtering. Our spectra

band maximum for each of the binary compounds. How- should thus be analyzed like conventional angle integrated

ever, since the density of states close to the VBM is very UPS spectra.

similar in HgTe and CdTe, a linear extrapolation of the lead- Figure 2 shows typical UPS spectra obtained from CdTe.

ing edge in the valence-band spectra can be used to locate the from HgTe, and from a CdTe-HgTe heterounction. These
VBM, because any systematic error associated with this pro- spectra have been shifted on the energy scale in order to align
cedure will cancel in Eq. (1). At this stage, wedo not intend the core levels (i.e..theCd d5 2 inCdTewiththeCd,4d. -in
to deduce a new value of the HgTe-CdTe valence-band dis- the heterojunction, and the Hg 5d9/ 2 in HgTe with the

continuity from the room-temperature XPS data. The rea- Hg 5dsI.in the heterojunction). The zero of the energy scale
son is that we have been working on one single batch of is arbitrarily chosen to coincide with the HgTe VBM which

samples that were exposed to air, whereas some ofthe earlier is located by a linear extrapolation of the leading edge in the

XPS results" were obtained from many different samples valence-band spectrum. One can clearly see that the RgTe
without taking them out of the ultrahigh vacuum environ- VBM lies within the forbidden gap ofthe CdTe in the herero-

ment. However, we note that for each of the three terms in junction.
Eq. ( I), our results agree with those obtained in earlier ex- For the determination of A, we rewrite Eq. 1 in the
periments" to within the published uncertainty. This con- following form:
firms the validity ofourumethod and attests toa high quality A = (E E -EaCd( d HK V.
of our samples. 

f 5. 4 +d

We have checked the temperature dependence of the va- - (EvI a • i.
lence-band discontinuity by cooling the samples to 110 K. All the energies are measured with respect to an indepen-
Figure I shows the core-level and valence-band spectra ob- dent reference level, e.g., the spectrometer vacuum level.
tained from a CdTe-HgTe heterojunction at room tempera- The core-level binding energies am then determned bv a
ture and at 110 K. The two spectra are remarkably similar, least-squares fit of mixed Gaussian-Lorentian spi-orbit
especially as far as the positions of the different features are doublets to the data. The two first terms in Eq. 12) are thus
concerned. This gives a feeling of how small the tempera- known very accurately ( t 1S meV each). From our data
ture-induced changes of the valence-band discontinuity are. obtained with the He nI excitation, we deduce the following:
We have also investigated the effect of cooling on the CdTe E tT - E r, " _ 2.876 ± 0.015 eV.
and HgTe spectra. In none of these cases did we see any Hd Sd4,

significant effect. We therefore decided to use UPS which 1'4a (Cd 4d9/2 - Hg 5d,) - 2.723 ±0.015 eV

provides better energy resolution for this kind ofexperiment. The results of these least-squares fits are shown in Fig 3.
Moreover, in the UPS spectrometer, the samples could be The last term in Eq. (2) is obtained by measuring the shift
cleaned in situ and cooled with liquid helium. These results which is needed to superpose the leading edge o" the CdTe
will be presented in the next pan of this paper. valence-band spectrum on the corresponding feature in
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"" FIG. 4. Alignment of the VBM of
CdTe (solid line) and Kgje
(dots) at room temperature. The
binding energies quoted here are
measured with respect to the CdTe
and HgTe VBM which are equal
after alignment of the spectra.

2 1 0 -t

Rei. binding energy (eV)

HgTe valence-band spectrum (Fig. 4). Since the two binary
compounds have a similar density of states close to the

b VBM, this shift can be measured to a very high accuracy. We
i find

-lTm - cT, 0.50 ±0.03 eV.

This separation was measured on the He i excited valence-
He I band spectra. However, in order to work under very stable

1.4A conditions, the resonance lamp was operated at low He pres-
sure to record both the He i and He I spectra. Finally, we
obtain, according to Eq. (2):

14 12 10 U 6 I, 2 0 A = - 2.876 + 2.723 + 0.50
Binding energy (aV)

. 2. UPS spectra from (a) HTe, (b) a CdTe-HgTe heterojunction. and = 0.35 ± 0.05 eY,

(c) from CdTe. Thesespectra ave been shifted to align thecore levels (the in excellent agreement with previous XPS results.
Cd 4dQ1 in CdTe with the Cd 4d,12 in the heterojunction, and the Hg 3ds, The escape depth of the photoelectrons is much smaller in
in HgTe with the Hg M4, 2 in the heterojunction). The binding-energy wcale UPthniXS.Frhedainig2,hehckesotein |Tewih te Hl ds/ i th heemunci~n)"Thebidinpenrl Scle UPS than in XPS. For the data in Fig. 2, the thickness of the
is referred to the HgTe VBM obtained by linear extrapolaton of the leading CdTe layer is thus very small, probably on the order of I im.
edge in the HgTe valence-band spectra. It is therefore remarkable that these data agree very nicely

with previous XPS data, . 7 obtained for CdTe layer thick-
nesses up to 4 nm. This gives us strong confidence in our
UPS data and in the following temperature-dependent
study.

NOTe The temperature dependence of the valence-band discon-
tinuity can be determined very accurately, because a precise
knowledge of the separation between the core levels and the
valence-band maxima is not required anymore. In turn. all
we need to measure now is the energy separation between
same features in spectra measured under different condi-

0 1 2 3 4 S tions.

. . . .. . lo. 3. Typical comlevel Figure 5 shows the UPS spectra for CdTe, HgTe. and the

CdTs-HgTe spetta meusnd with the CdTe-HgTe heterojunction, obtained at room temperature
He to excitation (k - 40.82 and at 50 K. Again, these spectra have been shifted to align
eV) on HjTa. CdT.. and on a
CdT-HTe heterjuntio. the core levels as was explained for Fig. 2. Below 50 K. it was

The eipeu.enta, data impossible to achieve stable and reproducible results on
(dot) are shown together CdTe due to severe sample charging. Even at 50K. theCdTe
with reprmuetative faults sample charges positively, but a stable situauon could be

0 1 2 3 4 S 6 from lIs-squara Ati (solid maintained for at least 1 or 2 h.lines) of spin-cebit doublets,. ani~dfratls r2h

I lis oFor each of the binary compounds, the temperature de-

CdT, pendence of the core-level binding energies referred to the
VBM is determined very accurately by alignment of these
valence-band maxima measured at room temperature and at

50 K (Fig. 6). For clarity, we write these binding energies as

EvE" = £o - Eva, (3)

0 , 2 3 " . and we define

tel. budeg energy (,Vl ARE -E (Cd 4d/z) - E(Hg Sdsz) t4)

* 10-0. opt it $I . 1 .9 U
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temperature and S0 K, with an estimated uncertainty of
- 60 meY.

IV. CONCLUSIONS
In this paper, we have presented a photoemission study of

He I the temperature dependence of the HgTe-CdTe valence-
Mel band discontinuity. This work wus motivated by the large

discrepancy between previous photoemission results ob-
Hg ~tained at room temperature and data from magneto-optical,

resonant R aman scatterinlg and infrared photoluminescence
experiments mostly performed at low temperature. While
the former experiments are consistent with a relatively large
valence-band discontinuity of - 350 meV, the latter agree

Iwith asmaller value of A <120meV.
b Hell i letThe measurements presented here are x-ray and ultravio-
-let photoemission experiments. We confirmi that, at room

*'& .. ~../"\temperature, A is positive (i.e., the HgTe VBM lies within
the forbidden gap of CdTe in the heterostructure) and rela-

Mel tively large (A = 0.35 ±k 0.05 eV). Moreover, we found that
A changes by only a few milivolts between room tempera-

c NH ture and50 K,with an estimated uncertainty of - 60meV.
Therefore, the relatively large discrepancy reported above
cannot be explained in terms of a temperature dependence of

1~12 10 8 6 16 2 0 the valence-.band discontinuity.
Binding energy leVI
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VII STIMULATED EMISSION FROM CdTe/HgCdTe HETEROSTRUCTURES GROWN

BY MBE

Mercury based II-VI semiconductor heterostructures are one of the potential

laser sources in the near and mid-infrared (IR) regions (1-5pm) for long distance

data communications. Moreover, it has been recently theoretically predicted that
these compounds are less than Ill-V compounds by the limiting Auger recombination

process in the I.Spm wavelength region.(1 ) Hence these compounds should be able

to compete favorably with the current Ill-V semiconductor lasers.
Although MCT has been a very Important material in the IR detector technology,

its potential as a material for the development of IR lasers has not been fully
explored. Our task In this program was related to the growth, characterization

and device processing of IR laser sources In the 1-Slim wavelength range. This
program was also supported by the Strategic Defense Initiative Organization/Innovative

Science and Technology Office and monitored by the Naval Research Laboratory

under contract No. N00014-87-C-2043.
This program has been very successful. We have reported the first observation

of photoluminescence from CdTe/Hgl_yCdyTe/Hgl-xCdxTe (y > x) separate confinement
heterostructure. Fast progess has been obtained soon after since stimulated

emission at 2.4pm from a HglxCdxTe(100) MBE epilayer, at 2.25pm from a CdTe/-
Hgl-xCdxTe/CdTe double heterostructures and at 2.4pm from a CdTe/Hgl-yC-

dyTe/Hgl-xCdxTe multi-quantum well separate confinement heterostructure (MQWSCH)

have been observed.

Pulsed stimulated emission was observed from the MOWSCH up to 77K.
Furthermore, the threshold for the lasing action in the MOWSCH Is one order of

magnitude lower than optically pumped GaAIAs semiconductor lasers operating at

0.9pm and about a factor of 3 lower than the AlGaSb/InAsSb lasers operating at

3.glm. Although we cannot make a direct comparison of threshold powers due to

the different wavelengths of operation of these lasers, this difference Is an
indication of the expected trend In Hg-based II-VI compound lasers(t) which is

extremely promising for the use of Hg-based heterostructures as laser sources In

the infrared. For more details see that attached papers.

REFERENCES:

1. A. Haug, Semicond. Sci. Technol. 4, 803 (1989)
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ATTACHED PAPERS:

1. "Photoluminescence from CdTe/Hgl-y.CdyTe/Hgl-x.CdxTe separate confinement
heterostructures"

2. OStimuiated emission from a Hg1..xCdxTe epilayer grown by molecular beam epitaxy

3. Stimulated emission from a Hg1 ...CdxTe epilayer and CdTe/Hg1..xCdxTe
heterostructures grown by molecular beam epitaxy

4. "Stimulated emission from a CdTe/HgCdTe separate confinement heterostructure
grown by molecular beam epitaxy



Photoluminescenlce from CdTe/Hg -y Cd.,Te/Hg1.... CdTe separate
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We report the first observation of photoluminescence from CdTefHg1 -,CdTe/Hg,...,CdTe
(y > x) separate confinement heterostructures grown by molecular beam epitaxy. The spectral
shape is determined by the bend filing of electrons in the well which is due to a chag transfer
effect. There is an appearance of high-energy transitions at high temperatures. The strong
photoluminescence from the layer is highly promising for the observation of the lase action.

There is a considerable technological interest in the de- machine. The substrate is a sevii-insulating CdTe (100).
velopment of laser sources in the mid-infrared range (2-5 The growth temperature for the bottom CdTe layer was

,am) for long distance data communications. Hg-based al- 30 Cand that forboth Hk,,sCdosTe and Hg..C4doi C
loys and heterostructures are one of the potential laser layers was 185 *c. Two Cd Te effusion cells were used to
sources in this region. Whereas Hg-based alloys are the most grow the two mercury cadmium telluride layers with differ-
important materials for IR detection, surprisingly very little ent x values. The 3000 A top CdTe layer was grown at a
has been published on these lI-VI semiconducting corn- substrate temperature of 135 *C to prevent any posaible dif-
pound based lasers."1. Quantum well (QW) lasers have well fusion of mercury from the confinemenit layer into this layer.
established advantages over the doubl-heterostructure The individual layer thicknese were determined from the
(DH) lasers in Ill-V semiconducting alloys. Reduction of growth rates of thick calibration layers grown under identi-
the threshold current density and improvement in modula- cal growth conditions. The detail of the growth of Hg-based
tion properties have been reported in GaAs/AIGaAs QW alloys has been given elsewhereO
laer. 3 Waing action has been observed in many other mate- Photoluminescence experiments were performed on

rial systems when the quantum wells are placed in a separate this structure. A cw Nd:YAG lase (A = 1.06pAm) w"s used

confinement optical cavity."' Recently, photoluminescence for photoexcitation. Samples were photoexcited from the
(PL) has been observed from a CdTe/Hg, -,CdTe super- front side through the 3000 A CdTe layer. Since the excita-
lattice placed in a double heterostructure.' We present in tion energy is below the bend-pap energy of CdTe. carn

this letter the first observation of photoluminescence from a are mainly created in the wider gap Hg1 -,Cd,Te confininig
CdTe/Hg, -,Cd,Te/Hgl -. Cd,,Te (y > x) single quantum layer. Samples were not in the form of optical cavnas to
well separate confinement heterastructure (501) grown by observe stimulated emission Samples were cooled mna Jam

molecular beam epitaxy (MBE). To the best of our knowl- variable temperature closed-cycle helium cryosWL11 Th 1-

edge, this is the first SCH grown in the CdTe/Hgl - cd e minescence was analyzed using a 0.75 in grating monacbao-
system. mator and lock-in detection technique. A cooled tanh darn-

A schematic of the single quantum well separate con- tor was used to collect the luminescence
finement heterostructure is shown in Fig. I Th x value Figure 2 shows the PL spectra of a SCH mine at

(0.36) of the active layer Hg,,Cd.MTe corresponds to a four differenit temperatures The sample was excited with11

band gap of 340 meY ( ~ 3.67 pm) at 77 L. We choose the incident pOwer Of 1 2S W/cm2. The numbers along the ban-

thickness of the confinementt layer (7500 A) that opimizes zontal axs show the calculated positions of A W 0 ccubs

the optical confinemmant facor in a 500 AL well QW laser. The particle transitions (uzE-nHH and WE-ia'W) ta the wL

quantum well energ ble are calculateid using the envelope We observed that the emisson from this structure as two to

function approximation. We tinde the naniparabolity three tims more inne than the emisio from bakera DHI

of the conduction baud and neglec any band mixing ef-
fect in the valence band in our caculations. We une a
value of 65 meY for the valence-band abet between OU
Hb.,,,,3Co5Te and HjG..CdO.Te. The electron effective
mass at the bottom of the conduction band is calculated us- C7 d
ing the expreso

=* (3fs 2 4P2 )Eg,

where P is the matrix element and Es is the band pp. The
band gasp is determined using the expresson given by Han- ta4 O
sen et al' For heavy bole effective mass, we used a value of
0.3m. FIG. I. Scbsmuaws - I(CdT./lI .,Cd,T./146. .Cd. T~sw

The SCH was grown by MBE in a RIDER 2,300 MBE sa. =ihnst berauttactul

2W6 AMp P. LoL UM4H(25). IS Juw I.6 M 001455t ,1/250OSSO .00 ID 155 Ameilm hw at f My 2M6



the fourth electron subband to give the broad luminescence.
The shift to higher energy of the spectra with temperature is

(a) due to the temperature varation of the band gap and the
5K7. 5 effective masses of electron and light hole. However, there is

125 W/cm" no significant change in the width of the luminescence peak"" /with temperature. This could very well be explained if either

the well layer or the confinement layers are n type with a
carrier concentration of - 2 × 1017/cM 3. What we do see is
the band filling of electrons in the well and this band filling in
turn imposes the linewidth. The MBE-grown HgI - CdTe
layers on (100) CdTe are typically n type with the electron
concentrations in the range of (1-5) X 10"6/cm 3 . Charge
transfer effects from the confinement layers might account
for the high electron concentration in the well layer. Such a

3 (b) charge transfer has already been observed in the
'7- 24.e6 CdTe/Hgt _ CdTe heterostructures.

A6 Another interesting feature to be noted is that the

strength of the 3HH transition is increasing and at the same
Etime the strength of the lower subband transitions is decreas-

ing when the temperature of the measurement is increased.
There is an overall trend towards higher subband transitions
with an increase in measurement temperature. Simulations

4. have been made by assuming an injection of I X 10"/cm"
holes, a real temperature of the lattice and carriers 10 K
above the nominal temperature, and a Lorentzian broaden-

a ing of 10 meV to analyze the experimental data. One of the

() simulated spectra is shown in Fig. 2(c). Comparison of the

: 49.7K experimental and the simulated curves in Fig. 2(c) shows
A, - gptal that the spectral width can very well be explained by the

--- eehr band filling of electrons in the well. Our simulations also
reproduced very well the increase with temperature in lumi-
nescence due to higher lying subbmnds. The structure around
400 meV is probably due to the 4E-4HH transition for the
following reason: The quasi-Fermi level for holes being close
to the "bottom" of the valence band. the occupation probe.

• : , ,bility of the 4HH bad (Em,--3 meV with respect to the

quasi-Fermi level) is higher than the occupation of the 3LH
band (E) "- 33 meV ). The shape of the spectra varied only a
little with the level of minority-carrier injection. More gener-alwe found that the rao ofth intensity between diferent
transitions is mainly given by the ratio of the occupation
factors of the holes. Rially. the dip around 360 meV in all

'the spectra might either be due to the reabsorpo o lumi
nescence by a defect in the upper layers or due to some ex-
perimental ariba

A In summary, we have performed photolumnsec ex-
pernments on the ist CdTe-(HgCd)Te separate confne-
m nImt hem - gow. by molecular beam eptsaxy.

0.25 0.:3 0.o5 0.4 0.45 o. There is an evidence for the occupatio of several electronic
NGY: (*v) levels due to the charge tamishr and this band filling deter-

FIGo. 2. PL s oft SCH a-m at fear dimt w uL The mines the width of the PL peak. There is an appearance of
numben to four swt ~mbcdimewwr mmpsotrauu mm lb -ma con- high-energyf Wanatio8 at high temperatues The srong PL
ductm a m imbbolwIL T"he duhW cumv in (c) is the tboetc is a sipa of the high quality of the structure Wnd give us hope
cr eto obseve the la g ci
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Stimulated emission from a Hg, -.,CdjTe epilayer grown by molecular beam
epitaxy

K. K. Mahavadi, J. Blouse, X. Chu, anid J. P. Faunt
Department of Phpics. Uniwrsity of Illinois at Chicago. Chicago. Illinois 60650

(Received 26 May 1989; accepted for publication 18 July 1989)

We report on the observation of stimulated emission from a ( 100) oriented Hg, - CdjTe
epulayer grown by molecular beam epitaxy. The cleaved epilayers were cooled and optically
pumped by a Nd:YAG laser and were found to lase continuously up to 40 K.

Mercury cadmium telluride (HgCdTe) has been a very threshold. Curves taken at an input optical power density
important semiconducting material in infrared (JR) detec- (P) of less than 2.8 kW/cm2 are below the threshold for the
tor technology. However, its potential for the development laser action to occur. For P = 2.8 kW/cm, a slight glitch is
of infrared lasers has not been fully explored. Only a few emerging at a wavelength of 2.42 jim from the broad lumi-
isolated reports have been published on the mercury (Hg) nescence background. This signals the onset of stimulated
based 11-VI compound lasers. ' Prior to our work, all pub- emission from this layer. Increasing the input power density
lished studies were performed on the liquid phase epitaxially to 3.2 kW/cm' has clearly increased the intensity of the mul-
grown and Bnidgman-grown Hg, - , Cd, Te crystals. In this timode output by more than three times the intensity of the
letter, we report the observation of stimulated emission from background. The increase in the output laser intensity as a
a Hg, - 1CdTe( 100) epilayer grown by molecular beam function of incident power density is shown in Fig. 2. The
epitaxy (MIDE). laser action was observed up to an incident power density of

The Hgo0 .Cd4.,e( 100) layer was grown in a Riber 5.2 kW/cm2. However, the output intensity started to de-
2300 MBE machine. The substrate was a semi-insulating crease above 4.4 kW/cm2. This might be due to excessive
(lO0)CdTe. A - l000-A-thick CdTe buffer layer was heating of the samples.
grown on the substrate to improve the surface smoothness. Figure 3 shows the spectrum taken with narrow slits. As
The 0.6-pm-thick Hg , Cd, Te epilayer was grown at a can be seen from the figure, thern are a few longitudinal
substrate temperature of 195CT. The growth rate was 1.74 modes in addition to the fundamental mode in the spectrum.
A/s. Details of the growth of Hg-based alloys have been However, we have not tried to determine the refractive index
given elsewhere.' of the layer from the mode spacing for the following reason:

The initial characterization of the layer showed that the The substrate was not rotated during the growth of the crys-
layer is n type with a carrier concentration of 2 X l01'icml at tal and as a result we found that-there is a band-gap variation
100 K. The carrier conctutration was constant from room of 25 meV/mm along the length of the crystal. This crystal
temperature down to 100 K. The minority-carrier lifetime inhomaoneity might lead to uneven mode spacing due to
was determined by the standard photoconductive technique
and was foud to be2.4 ps at l00K.We also observed a
strOng photoluminescence from this layer at 10 K.

To prepare sample for the stimulated emission mea-
surements, the CdT. substrate was first mechanically etched ,1'1..I...I..
to athicknessof 80 pumThen it wits frther thinned toa Tf1iaK
thicknessof - 20 smby chemicaletch"ina a2%by volume C LA

solution o bromine methol. Neut the Hg. 5.CdTe lay- tY

er was cleaved into small rectangular bma of 2W0 X500m-
SW~ 15I00 pm se using a shap scalpel. Severali of these
cleaved sample wern covers by a sapphire window and
were prem ed into indium mounted on a copper block fore
efficient heat sinking.A The mounted amp1. wee cooled to ] m
10 K using a variable temperature closed cycle cryostat. Us-
ing a cylindrical lens, the cw Nd:YAO lase beam was fo-
cused to a strip of 501im width and 500pm length to cover
the entir width ofta selected sampl. 1Ue emmamon was col-
lected with a lens, dispersed by a 0.75 m Monochromator, X
anddetectedbyascooled Inzbdetector. Detailsoftheezperi- 2.8 1.3 L4 2.5 2. L? LO
mna setup are gIven elewhere. uA'UBMe LAM)

Figure I shows the typical cw emission spectra from one
of the samples. These spectra are takeu with wide slits to nlo.i cw auuaa s gcu fro, a cmved sOOx I SOOsm Has,. C4. To
facilitate the observation of spontaneous emission below the MBEin op.qiayw undr dftm umiun aw
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- Above this temperature no laser action was obscr.ed from
Tany of the samples. We assume that above 40 K the stimulat-ed emission from this layer can only be obtained under

* pulsed excitation. A similar observation has been made by
IHarman on liquid phase epitaxially grown Hg -Cd.Te

epilayers.2  Our work shows that the MBE-growr
Hg, -,CdTe layers are ofhigh quality and have a high po-
tential for the development of IR laser sources. Since MBE

0 1 2 3 4 5 facilitates the growth of novel artificially layered structures,
Nd:YAG CW POWER DENSI (kW/m) the laser threshold can be lowered by designing suitable

quantum well structues.
In conclusion, we have performed the stimulated emis-

FIG. 2. Output Iitaty vs incdet powf densaty, sion experiments on Hb, 4 CdO.,,Te layer grown by molecu-
lar beam epitaxy. The optically pumped cleaved samples

the variation of the refractive index. This might also explain were found to lase continuously up to 40 K.
the reason for observing the laser action on the higher energy The authors would like to thank P. S. Wijewarnasuriya
side of the luminescence spectrum. and Mario de Souza for performing the Hall and lifetime

The samples were found to lase continuously up to 40 K. measurements on the layer. Thanks are also due to S. Farook
and Z. Ali for their technical assistance. This work is sup-
ported in pert by Strategic De(ense Initiative Organization/
Innovative Science and Technology Office, monitored by

T=tC K Naval Research Laboratory under contract No. N00014-87-
4.4 d/cnYA C-2043 and in pert by Defense Advancement Research Pro-

ject Agency, monitored by Air Force Scientific Office for
Research under contract No. F48620-87-C-002 I.
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Stimulated emission from a Hg1 .CdTe epilayer and CdTe/Hg _,CdTe
heterostructures grown by molecular beam epitaxy

K. K. Mahavadi, S. Sivananthan, M. D. Lange, X. Chu, J. Bleuse, and J. P. Faurie
Microphysics Laboratory, Departmentof Physics. University of Illinoil at Chicago. Chicago, Illinois 60680

(Received 15 October 1989; accepted I November 1989)

We present the results of stimulated emission experiments performed on a Hg.,Cdo..Te
epilayer, a CdTe/Hgo,Cd52Te/CdTe double heterostructure, and a CdTe/Hg0 .,3Cdo.Te/
Hg0 67 Cdo3, Te multiquantum well separate confinement heterostructure grown by molecular
beam epitaxy. The epilayer and the double heterostructure were found to lase continuously up to
40 K. Pulsed stimulated emission was observed from the multiquantum well separate
confinement heterostructure up to 77 K.

I. INTRODUCTION MQWSCH structure, two CdTe effusion cells were used to

There is a considerable technological interest in the develop- grow the mercury cadmium telluride layers with different

ment of laser sources in the mid infrared (IR) range (2-5 cadmium compositions. For both DH and MQWSCH, the

pm) for long distance data communications. Mercury-based CdTe cap layer was grown at a substrate temperature of

alloys and heterostructures are one of the potential laser 250 C, which was found suitable to grow high quality CdTe

sources in this region. Moreover semiconductor lasers that (100). The individual layer thicknesses were determined
operate around the 1.6 Mm wavelength region are limited by from the growth rates of thick calibration layers grown un-
the domnant Auger recombination in the III-V semicon- der identical conditions. Details of the growth of Hg-based

ductor material systems of interest. Mercury based 11-VI alloys are given elsewhere.'

compounds are less affected by the Auger recombination in Low-temperature PL experiments were performed on

this wavelength region and hence should be able to compete these structures. A continuous wave (cw) Nd:YAG laser

favorably with the current I-V semiconductor lasers.' (A = 1.06 pm) was used for photoexcitation. Samples were

Though mercury cadmium telluride (HgCdTe) has been a cooled in a Janis variable temperature closed-cycle helium

very important semiconducting material in IR detector tech- cryostat and were photoexcited from the front surface

nology, its potential for the development of IR lasers has not through the CdTe cap layer. The luminescence was analyzed

been fully explored. Only a few isolated reports have been using a 0.75 m grating monochromator and lock-in detec-

published on the mercury (Hg)-based 1I-VI compound la- tion technique. A liquid nitrogen cooled InSb detector was

sers.2 - Recently, photoluminescence (PL) has been ob- used to detect the luminescence.

served from a CdTe/Hg, _..CdTe superlattice placed in a To prepare samples for the stimulated emission expen-

double heterostructure.6 Previously we too have reported ments, the CdTe substrates were first mechanically etched to

photoluminescence from a CdTe/Hg, -,Cd,Te/ a thickness of 804um. Then the films were thinned to a thick-

Hg, -,CdTe single quantum well separate confinement nessof5to 10microns, by a fast chemical etching m a 2% by

heterostructure7  and stimulated emission from a volume solution of bromine in methanol followed by a slow

Hg, -_ Cd,Te epilayer.' etching in a 0.04% by volume solution. Next, the sample

We present in this talk the preliminary results of stimulat- were cleaved into small rectangular bars of 100 X 50 om to

ed emission experiments performed on a H&s4Cdo.,Te epi- 1000 x 1500 pm size using a sharp scalpel. Several a( thea

layer, a CdTe/Hg.*Cd6 2 Te/CdTe double heterostruc- cleaved samples were pressed into indium put on top o( a

ture (DH) and a CdTe/Hg, 4 5Cdo.sTe/Hg,, 1 Cdo.33 Te copper block, and covered with a sapphire window fW e-

multiple quantum well separate confinement heterostruc- cient heat sinking.'0 Using a cylindrical lens, the Nd:YAG

ture (MQWSCH) grown by molecular beam epitaxy laser beam was focused to a strip S0 pm wide and o( appe-

(MBE). Section II outlines the experimental details. The prate length to cover the entire width of a selected sample.

results and conclusions are presented in Secs. III and IV,
respectively.

Ill. RESULTS AND DISCUSSION

A. Hg6.sCd40,T0 eplayer
II. EXPERIMENTS The thickness of the epilayer is 0.6pm. The initial chant-

The epilayer, the DH and the SCH structures were all terization of this layer showed that the layer is n-type wth a

grown in a RIBER 2300 MBE machine. The substrates were carrier concentration of 2X 10'"/cml down to 100 K. The
semiinsulating CdTe (100). The growth temperature for the minority carrier lifetime was determined by the standard

buffer/bottom CdTe layer in both structures was 250 "C, photoconductive decay technique and was found to be 2.4 fs

and 185 "C for subsequent HgCdTe overlayers. For the at 100 K. Figure I shows the low-temperature phoolumi-

1210 J. Vae. S d TecwnaL A A (2), Mm/Apr 1900 0714-2101/0/W02121041.00 0 180 AnIuim Va uun $0ty '210
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I.. Nd:YAG CW POWER DENSITY (k/cm')

1A.

PtG. 3. Integrated output intensity vs incident power density from the same
sample.

0.4 0.425 0.45 0.475 0.5 0.525 0.55
ENERGY (cV)

FiG. I. Low-temperature PL spectrum from a Hgo.,Cdo,,Te epilayer. was observed up to an incident power density of 5.2 kW/
cm 2 . However, as shown in Fig. 3, the output intensity start-
ed to decrease above 4.4 kW/cm2 . This obviously is due to

nescence spectrum from the epilayer. The full width at half- the heating of the samples. Though we have observed a few

maximum of the PL peak is 30 meV. The strong PL also modes in addition to the fundamental mode, we have not

indicates the high quality of this layer. tried to extract the refractive index of the layer from the

Figure 2 shows the typical CW stimulated emission spec- mode spacing for the following reason: The substrate was

tra from one of the cleaved samples. The spectra were taken not rotated during the growth of this layer and as a result we

with wide slits to facilitate the observation of spontaneous found that there is a bandgap variation of 25 meV/mm along

emission below the threshold. At an input optical power den- the length of the crystal. This crystal inhomogeneity might

sity (P) of 2.8 kW/cm2 a slight glitch is emerging at a wave- have lead to the uneven mode spacing due to the variation of

length of 2.42 lm from the broad luminescence background refractive index. The sample was found to lase continuously

signaling the onset of stimulated emission from this sample. up to 40 K.
increasing the input power density clearly increased the in-
tensity of the multimode output at this wavelength. The inte-
grated output intensity from this sample is plotted as a func- B. Double heterosucture
tion of input optical power density in Fig. 3. The laser action A schematic ofthe double heterostructure is shown in Fig.

4 The bandgap of the HjogwCdo. 2 Te corresponds to - 585
meV. Figure 5 shows the low temperature PL spectrum from
one of the cleaved DH samples at 15 K. Under low excita-
tion, the PL spectrum from the DH is very broad. This could

T=12 K be due to one or all of the following reasons. The increase in
CV Nd:YAG substrate temperature during the growth of the top cad-

mium teUuride layer must have out-diffused" mencury from
the active layer into this layer creating a graded x.value layer
at this interface. Such a graded layer can give a broad lumi-

-nescence spectrum. Second, the triangular well due to band
bending at the CdTe/Hg.ACcd- Te interface can also con-
tribute to the width of the luminescence spectrum. Presently

14 /ems

3"2 kW/em

Wde CdT0

(0.3 n)0 )

2.2 2.3 2.4 2.5 2.6 2.? 2.6 ft. 4. A KhImic of CdTe/

WAVLEGTH ( 1m) HlkCd,,Te double het.

esoetnicturt

FiG. 2. Continuous wave sumulated emrisson upetam from a cleaved HgcCd&tNT
SO)x IS00 Mm1 Hj.fCd..T* epilayer under diffrent incident powe (0.40 am)



1212 Mahavadi etal.: Hg,.,Cd,Te and CdT@/Hg,.CdTo heterostructures 1212

T - 15K T - 15K

12 kW/cm2

-~ cv Nd:YAG

z~U

2 2.25 2.5 2.75 3

WAVELE14GTH (jum)

2 2.25 2.5 2.75 3
WAVELENGTH (Amr)

FiG. 5. Low-temperature PL spectra from a cleaved DH under different
incident powers.

F(G. 7. Stimulated emission spectrum from the same DH taken with nar-
rower slits.

we are investigating these possibilities to understand the lu-
minescence from this structure.

Above the pump intensity threshold I,, = 6.4 kW/cm', a However, these modes are not well resolved due to the rela-
peak develops at A -- 2.2 Aim, and narrows as the excitation tively wide slit widths used. There are a couple of interesting
power is increased. We were not able to go higher than 12 observations to be made on this structure as compared to the
kW/cm' because of our Nd:YAG laser power limit. Never. epilayer rtzults. (i) The threshold for the lasing for the DH
theless, one can clearly see the building up of stimulated is about 2.5 times that for the epilayer for the same cavity
emission. The wide bump around A = 2.05 /Am which ap- length. The reason for this might be the presence of a 3000.,k

pears on the upper spectrum under high pump power is not CdTe cap layer. (ii) The DH seems to suffer less from the
yet fully understood. heating effects as lasing could be observed up to 12 kW/cm ,.

Figure 6 shows the variation of the integrated output in- This might in part be due to the difference in the sample
tensity with the input power density. Though there is some thickness. The DH is found to lase continuously up to 40 K.

scatter, the output is a nonlinear function of input power. We have tried pulsed excitation neither on the epilayer nor
Figure 7 shows the spectrum taken with narrow slits, Once on the DH.

again, a few additional modes can be seen along with the
fundamental mode. The mode spacing is calculated to be C. MOWSCH llne

12.6 A from the known values of cavity length (5M30/Jm), A schematic of the MQWSCH is shown in Fig. 8. The
lasing wavelength (2.2 pm) and refractive index (3.8). active layer is made of six 100 A. quantum wells of

Hgo.67Cdo.33e separated by 70 ,A barrers of
H&.ASUdeMTe. The composition of the light confinement
layer is the same as the barrier layer in the active layer.
Details of the structure calculations are given elsewhere.' 2

T -15K

+ Hge.&Cde&"Te

4"0

+. -tb

0 2.5 2 .5 .75 0 12.5 HuCd&To UU
Nd:YAG POWECR DICNSI'Y kW/cml

FiG. S. A schematic of mutiquatum well "rat confinement heDro-
FiF. 6. Intei.ated output intensity vs incident .ewer from the same DH. structure.
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T 12K T - 77K
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.0 .0 2 kW
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FiG. 9. Pulsed stimulated emission spectra from a cleaved 1000 x I 500Mm; FtG. II. Pulsed stimulated emission spectrum from the same MQWSCH at
MQWSCH. 77 K.

We used a Q-switched Nd:YAG laser for the stimulated
emission experiments on this structure. One of the reasons limited at 77 K. However, the observation of lasing action at
for this is that this structure was only thinned down to 20 1 77 K itself is an important achievement in these mercury
before cleavage, and as a result the heating by cw Nd:YAG based II-VI compound microstructures.
laser should play a dominant role. The frequency of the laser
was 30 kHz and the pulse width was 10 ps. Figure 9 shows IV. CONCLUSIONS
the stimulated emission spectra from a 100X t500 um' We performed stimulated emission experiments on a
cleaved sample. For an input peak power density of 2.2 kW/ Hg0 s, Cdo.46Te epilayer, a CdTe/Hgo.,,Cd0,,Te/CdTe
cm2 , a spike is emerging at a wavelength of 2.36m from the double heterostructure, and a CdTe/Hg, Cd, Te/
broad spectrum. This signals the onset of stimulated emis- Hgo.6, CdJ3 Te multiquantum well separate confinement
sion from this structure. Further increse in the input power heterostructure grown by molecular beam epitaxy. The epi-
preferentially increased the intensity at this wavelength. Fig- layer and the DH were found to lase continuously up to 40
ure 10 shows the integrated output intensity as a function of K. Stimulated emission was observed from the MQWSCH
input peak power. Above 4.6 kW/cm2 of incident peak pow- under pulsed optical excitation up to 77 K. These prehmi-
er, the stimulated emission intensity started to decrease and nary results are highly promising for the development of
finally no stimulated emission was observed above 5.5 kW/ injection lasers made of Hg-based microstructures. Finally,
cm2. This once again is due to the heating of the sample. the threshold for the lasing action in the MQWSCH' " is
Finally, Fig. 11 shows the stimulated emission spectrum tak- more than one order of magnitude lower than in optically
en at 77 K from this sample. The range of incident powers for pumped III-V semiconductor lasers.
which stimulated emission could be observed was even more
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(Received 12 December 1989; accepted for publication 17 March 1990)
We present the results of low-temperature photoluminescence and stimulated eiso
experiments performed on a CdTe/Hgo 45Cd453Te/Hg7C0 33Te multiquantum well separate
confinement heterostructure, grown by molecular bearn epitaxy. The poslmncnc
results suggest that because of the growth conditions, there is a strong interdiffuion in the
multiquantum well regzon. Pulsed stimulated emission was observed from this struture
up to 77 K.

Mercury based 11-VI emcductor heterostructures, approach, with bulk electron and light hole dispersion re-
are one of the potential lase sources in the near- and mid- lationships given by K=nes three-bandW ide. 1 Bu&i
infrared (JR) regios (1-5Spm) for long distance data heayole disperiondrationships wereassumed tobe
communications. Moreover, these compounds are less af- parabolic with a 0.3nk effective mass for all x values, Pa-
fected by the limiting Auger recombination process in the rameters were the band gaps of the layers, determined us.
1.5 Am wavelength regon and hence, should be able to Ing the expresion given by Haaue et aL 1 and the Kane
compete favorably with the current rn-v semiconductor energies." We used 350 meV for the valence-band offset
lasers' Although mercury cadmium, telluride has been a between ligTe and CdT, 5 and a lhnar interpolation for
very important semiconducting material in the IR detector the valence-band offset between layers of different compo-
technology, its potential as a material for the development sitiona.
of IR laser has not been fully explored. Only a few reports T7he optical propertme of this structure were Initially
have been published on mercury (Hg) based 11-VT investigated using low-temperature PL eiperiments The
lasem Photoluminescence' (PL) and superradiance7  experimenital setup employed in these experiments is de-
have been reported from CdTe/Hgt - 3Cd2Te superlattce scribed elsewhere' As Seenm nftg 1, the PL spectrum
placed in a double heterostruicture We have previusly prevents a main peak whose edge is at 440 meY and max-
reported PL from a CdTe/Hg, -,,Cd.Te/Hg, -,CdTe sin- imum at 478 meY, and a shoulder whose onset is at 500
gle quantum well separate confinement heterostrucire maY. Thes features cannot be explained if the structure is
and stimulated emission (SE) both froes a HgI, ,CdTe exactly as designed (see above) bocasu calculations give
epilayer and from a CdTe/Hg~de/CdTe double 355 meY for the energy at th ftmndamental interband tran-
h Pterostructure. In this letter, we preent the preliminary sition betwee he AMz eectn (Ml) and heavy hole
results of low-temperature PL and SE experiments per- (HHI) minibandh, ad 381 mYV for a similar transition
formed on a CdTe/H&&g5Cdn,,Te/H& 7Cdn, 3Te multi. involving the ligholms (LHI). Our calculatioms show
quantum well separate confinemnent heterostructure that the energus of the transitions between the scond
(MQWSCH) grown by molecular beam qaitazy (MBE). miibads (A2-HH) should be around 519 ameV. The

'Me MQWSCH was grown in a RIER~ 2300 MDIE discrepancy betwee the experimental spectrum and our
machine. Details of the growth of Hg-based alloys ame calculaboos could be eplained eithe by well width inac-
given elsewhere' 0 Briefly, the law strcture was deposited curseci or by inteiada of mercmsy in the multiquan-
on a semi-instulating CdTe (100 substrate. Te growth turn well region. The fome poslityf is Unlikely, Sinc a
temperature for the bafin/boatm CdT. layer was 250 C, well width of 200 A, would be required, and the growth rate
and 185 TC for subsequent HgCdTe overlayers. The CdT. control does not permit such a larg error. Moreover, sinc
cap layer was grown for 20 mmn at a substate temperature the growth temperature was incrased &rM 185 to 250 *C
of 250 *C, which was found suitable to grw high quality prior to deposition of t CdT. cop layer, interdifibsin a
CdTe (100). The individual layer tinss were deter- likely to have occured i the mulliquantums wool resk-
mined from the growth rates of thick calbration layers We thus simulated interdifaon in the active layer and
grown unde identical conditions. made a ro etimae of energy levels of ths resulting

The active layer was designed as six 100 A quatum potentia proftl For a difimon length of 45 A the amuv
wells made of Hk567CdO.33Te separaedM by 70 A barriers layer is no lone a inulktiatm well but rather a 1000.
made of HgQ4$CdL,,Te. The carriers are confined in quan- A-wide well whose x value is around 42%. However, we
turn wells formed by the Hg&57Cd, 33T* layers. The thick- cannot be cePtaIn of eithe the x value or *A potental
ness of the ligt confinemen~t layer, made of Hg 4 fCd605 Ta. penile of the rulktg mature- due to the uncertamutss in
was chosen to be 7500 A,. order to optimize the optical the thickunes and the cm -p a 1 , - of the original ma -
confinement factor for our design. tca. Acording to thes estmates, the main peak of the PL

The quantum well energy levels were calculated in the spectrum corr@eupandi to traitimw from the 1 iniband
envelope function approximation" using a transfer mti n h iheeysole orsod otain

2077 ApoI. R"iy. Lea. N (21).21 May 1000 0006-4661/90/122O4OtOO 0 100 An~ III& ofu 041yss 2077
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FIG. 1. Low-temperature photoluacence spectrum from the FIG.2I Pulsed stinaulad aua.ici spewsr from a claved toCox i500
MQWSCH taken at 10 K using a ew Nd:YAG lawe. smZ MQWSCH as 12 K sing a Q4wachW Nd.YAG law. The thresh-

from the bottom of the partiuily filed E2 mnband. How- o nu oui . c

ever, the Hail measurements give an electro concentration pies We made no attempt to separate the various modes in
of only around 1O"6/cm3l, which is less than that required the spectrulm by reducing the slit widths.
to Aill the lowest conductioni subband (S X 1O" /CM3). Apint tobe oted fromlFigs. I and2 is that the lssng
Hoevr the i - raei due to th co- wavelength is 2.36 fitm (525 meY), whereas the peak of the
position fluctuations in the weils can broaden the spectrum low-temperature PL is at 2.6 pm (478 mYV). This differ-
giving rise to the high-energy shoulder of the spectrum. ence in peak position suggests either that the actual tern-
Therefore, the high-energy shoulder might just be due to perture Of the structure is higher thani the cryostat tern.
the E1-LHI transition. perature or that the hasing is occurring on the highi-anergy

Sample preparation for the SE expuriumta is given shoulder of the PL spectrum We believe that the former
elsewhere. We used a Q-switched. Nd:YAG lawser the pobibty is unlikely becase sample heating should shift
exciaton source. The frequency of the laow and the pulse the lumiinsece spctrum to higher energies sumc the
width were 30 kHz anid 10 ps, respectvely. Using a cylin- baind gP Of the HSI - Cd.Te (x < 0.5) incies with in-
duical lens, the Nd:YAG laoe beams was focused to a stripe cresig tifmPare and we have no1 noticed anmy sWIh
50 on wide and long enough to cove the entir width of a change in either the linewmdt or the spectral ;mP -e up to

Sdic" ampe.the highest incden Nd&YAG power used in the expert-

2Figure 2 shows the SE spectrm finn a IO~x 1500 mets Howeve, we did observe a faster growth of the
AM cleaved sample. Thes spectra were taken with wide
slits, to facilitate the detection of the spontaneou emission
below threshold. For aW input Peak power density of 2.2
kW/ cm2, a spike 6 emrgn from the broad spectrum at
a wavelength of 2.36 pm. This signals the onset of SE from +
this stucture Furthe incressm in the input power prefer- 1
entilly Increased the intensity at this wavelength. The in- -1 ++

tegrated output intensity a a function of input peak power
isashown in Fig. 3. Above 4.6 kW/cmof incident peak
power, the SE intensity started to decrease and finally no+ +
SE was observed above 5.5 kW/cm2 . In our geomer, the+
SE was Occurring from U&lment -~ 0 A wide and 100
Am long. The Iling threshold varied betwee 1.5 and 3 5
kW/cm from sample tosample. This variatmionthe 0 _ _ _ _ _ _ _

threshold could be due to uncertainties in the icidetame 0 1 2 3 4 5
beans prod*le the irradiated area, and the detection A.. Q Switched Nd:YAG POWER (kW/cv?)
ciency. A similar variatio of the input power at which the

WW5 ctmcemd ws alo ntedamog diiernt am. FIG. I. Integrated output power vs, input peak pmw (rmmq
laming ~ ~ ~ ~ ~ ~ ~ ~ ~~MWC acio cese wa lontdaogdifrn a-dl12
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I I ing at temperatures higher than 200 'C is forbiddei .)n
such structures. This stresses the need for good inl situ

T - 77K doping of HgCdTe compounds. Stimulated emission was
7.2 kW/cin' observed from the MQWSCH under pulsed optical excita-tion up to 77 K. Finally, the threshold for the lasing action

in the MQWSCH ia one order of magnitude lower than
optically pumped GaAlW semiconductor lasers" peat
ins at -0.9 Asm and about a facWo of 3 lower than the

a ~~~~AIGaSb/lAsSb lsropatnat3.9 m.Alhuhw
cannot makte a direct comparion of threshold powers due
to the different wavelengths of opera=io of these laue, this

z difference is an indication of the expected trend in Hg.
based li-V compound lasers.'

This work is supported in part byr the Strategic Defense
Initiative Organizatoannovative Science and Technol-

I..I . ... ogy Ofie, monitored by the Naval Research LAboratory
2 2.2 2.4 2.6 2.8 3 under contract, No. N000l4-87-C-2043, and in paut by the

WAVELENGTH (iam) Defez Advancenent Research Project Agency, moni-
tored by the Air Force Scientiic O~oe for Research uinde
contract No. F48620-87-C-0021.

FIG. 4. Pimud stininuad emils setm fmt ?dQWSCH of Fg A moi i TcuL43313)
2u7K# 21. Mshopih ad A. 3. SwaMO AppL PhYL LOL .3171(19M).
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VIII ADVANCE MOLECULAR BEAM EPITAXY (MBE) PROTOTYPE FOR Hg BASED

II-VI SEMICONDUCTING ALLOYS AND HETEROSTRUCTURES

In July 1989 a new MBE machine called OPUS 45 was installed in the Micro-

physics Laboratory. This machine was designed by the P.I. (Dr. J.P. Faurie) to be

a prototype for an advanced production MBE system dedicated to the growth of

mercury based II-VI compounds and has been built by ISA-RIBER.

OPUS 45 is a three ultra high vacuum chamber machine namely with a growth

chamber, a preparation chamber, and a loading/unloading chamber. Up to three

2-inch or up to one 5-inch silicon wafer (platen-free) can be transferred and

processed in a horizontal face-down position during all steps . This mode of

transfer offers the opportunity to avoid particulate contamination as much as

possible. It is achieved by a full motorized system that can move horizontally

and vertically. The combination of these two motions allows to pick up a platen

in the loading chamber and to bring it underneath the degassing station in the

preparation chamber. Another identical system transports the platen from this

position to the growth manipulator. Stepper motors have been chosen to operate

the displacements and several optical fibers are used as interlocks to Insure a

precise control of the platen and cassette positions as well as manipulator position.

Accuracy of : 0.5mm is currently obtained on each displacement. Gate valve and

pressure sensors are also used for safety reasons.

Ten 5" molybdenum platens can be loaded at once in the Introduction chamber

and then transferred separately into the preparation chamber. This chamber is

equipped with a cryopanel and a large oven identical to the growth manipulator

oven heating samples up to 8006C.

The choice of a vertical configuration has been made for the growth chamber

with great care addressed to the problem of contamination like cross-talking and

flakes tatling down Into these cells and more specifically to the problem of mercury

recuperation which has been one of the main concerns during the design of this

machine.

Two cryopumps (CTS) with their own mercury recuperation system are connected

together to the main growth chamber and are separated by their own gate valve

(VTA 200). This configuration allows to outgass one cryopump while the other.

In the growth chamber itself cryopanels (main and bottom) are designed to allow

mercury to run down directly to the extreme bottom of the chamber where a

mercury recuperation system has been also provided. In order to maintain an
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ultrahigh vacuum environment and to keep the residual contaminants at a very

low level, a permanent baking system has been designed for all the chambers.

The pressure limit obtained in the system is 5.10-11 Torr with liquid nitrogen in

the cryopanels. Int he same condition, the pressure limit is 5.10-10 Torr when

seven cells are heated at temperatures ranging from 1500 to 8000C and the manipulator

oven is at 6000C.

In the growth chamber, the cell implantation is defined as the following: the

mercury cell occupies a central position and it is kept as close as possible to the

wafers in order to lower the materials consumption. It is surrounded by its own

conic cryopanel. All the 8 other cell ports face the wafers at the same angle and

are regularly distributed around the vessel. The cell ports are wide enough to

accomodate large a capacity cell (100CC) and Its individual cryopanels.

These cells have a specific design with a two heating filament stage which Is

very useful for tellurium compounds such as CdTe and ZnTe. In this case, the

upper filament is only heated and regulated. For the other materials, both filaments

are used and the current regulation is made on the bottom one. Temperature

stabilities of the order of ± 0.50C have been obtained respectively at 3600C (Te

cell) and 5500C (CdTe cell) for more than three hours. The mercury cell has been

designed to provide a constant Hg level and a small thermal time constant allowing

rapid flux change. The cell is connected to a large reservoir. A sensor located In

the effusion cell allows to adjust the level of mercury by means of the reservoir

motion. Excellent flux stability has been obtained with this cell during a ten

hour growth. Temperature stability Is ± 0.20 at 1500C.

Great effort has been made on the design of the heating stage In order to

achieve high temperature stability and uniformity. This parameter is one of the

most Important requirements for the growth of mercury based II-VI compounds.

Recorded data on the temperature stability show ± 0.50C at 3000C and 700*C.

Temperature stability recorded at 6000C over a two-inch centered wafer is ± 2.50C

and ± 4.0°C over a three-inch wafer.

Finally, based on the latest computers and a digital PID controller designed

for production, a process control uses a sophisticated software to simplify the

operator work and imporve the control accuracy. This machine therefore particularly

adapted for the growth of HgCdTe on alternate substrates such as GaAs and Si

for which the sue of gallium is not suitable because of high temperature requirement

for cleaning.
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IX RESEARCH EFFORT ON A HIGH YIELD MULTIWAFER MBE PROTOTYPE OF

Hg BASED II-VI SEMICONDUCTING ALLOYS AND HETEROSTRUCTURES

This second add-on on the current contract which has been accepted by

DARPA has never been awarded to the Microphysics Laboratory. Nevertheless,

preliminary experiments have been carried out on OPUS 45. First of all, this

machine has been installed and the acceptance tests performed in August 1989.

From September 1, 1989 through November 13, 1989 the first CdTe layers were

grown on 2-inch GaAs and SI substrates.

CdTe/GaAs(100)

Compared to what Is obtained in the conventional MBE machine CdTe layers

grown on GaAs appear to be more uniform and of much better quality. On a

0off GaAs(100) substrate a 6pm thick CdTe film exhibiting a FWHM of 130 arc

second has been grown compared to an average FWHM value of 220 arc second

for CdTe films grown on GaAs(100) substrates in the conventional MBE machine.

Twin-free layers have been obtained on a slightly mlsorlented GaAs(100)

substrates with an excellent surface morphology over the whole area as Illustrated

in Fig. 1. These layers yield strong PL spectra (Fig. 2) with a FWHM of the

acceptor bound exciton peak at 1.59eV of only 0.7ineV at 10K which confirms the

high structural quality of these layers.

CdTe/SI(100)

A FWHM of 800 arc sec has been obtained for a 6im thick CdTe layer grown

on Si(100). This compares very favorably to the typical results of about 1200 arc

sec which were obtained in the RISER 2300 machine several months ago. In

addition the layers are very shiny and mirror-like over the whole surface.

Thickness Uniformities

Thickness uniformities measured In OPUS 45 are very impressive since a standard

deviation of the layer thickness of only 0.24% has been measured on a 6m thick

CdT. film grown on a 2-Inch GaAs(100). In the 2300 machine the best result was
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0.6% for the same diameter.

FIGURE CAPTIONS:

Fig. 1 10K photoluminescence spectrum of CdTe on GaAs(!00) tilted 20

towards <110>, excited with a 50mW Ar-Laser at 514 .5pm wavelength.

Fig. 2 Scanning electron microscope image of the surface of two CdTe

layers grown on Si (a) 9204m thick CdTe on Si(100); (b) 4pm thick

CdTe on Si(100) tilted 80 towards <110>.



Fig.

Scanning electron micrograph of a 4.3um
thick layer of CdTe on GaAs(100) 2°off

towards <110>,
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CONCLUSION

It is clear from this report that not only we have reached our goals but also

that our achievements have gone beyond the scope of the contract program. The

direct growth of CdTe and HgCdTe on Si(100) which was not planned is certainly

a very important breakthrough in view of a monolithic approach of HgCdTe FPAs.

Stimulated emission observed in the 2-51pm wavelength range for Hg-based

heterostructures is certainly also a very promising achievement since the threshold

fo the lasing action is much lower than In equivalent III-V compound laser structure.

The Improvement of HgCdTe epilayers was certainly the driving force of this

program. The formation of twins, particularly active, in the <111> direction has

been a major concern to the Microphysics Laboratory. Therefore we are very

happy to have been able to identify the twinning to understand the complex

twinning mechanisms and finally prevent the twin formation. It has been very

hard to achieve It but the payoff is high since at the end of the contract the

state-of-the-art In the laboratory is excellent as it can be seen from the results

obtained for (211)B orientation.

Another source of satisfaction has been provided by our success in making

photodiodes using the low energy Ion technique developed In the Microphysics

Laboratory. Not only the technique is Inexpensive, fast and reliable giving the

laboratory an excellent characterization tool, but in addition it might provide a

technique to manufacture IR photodlodes.

At last the preliminary results obtained on OPUS 45 are extremely promising.

However, there is one subject of disappointment. It concerns the p-type doping

of HgCdTe. It Is fair to say that neither in the MPLab nor elsewhere has a

clean and elegant solution respecting a low temperature process, key parameter in

MBE been yet found. Our scientific activity has been materialized by 59 papers

published In refereed journals, 13 Invited conferences and 62 contributed papers

mostly presented at International meetings. The list is given in the annex.
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SUMMARY

1. Rotation twins are easily formed in CdTe(111) and HgCdTe(111) epilayers.

In addition, reflection twins which are related to a change in the Hg pressure and/or

the surface substrate temperature can be formed during the growth of HgCdTe.

A careful substrate preparation with a proper thermal cleaning can prevent the

formation of double positioning twins. To avoid the formation of reflection twins

a stringent control in the stability of Hg (±2.5%), Te and CdTe fluxes, growth

rate and surface substrate temperature (±0.5%) is required, which is very difficult

when the substrate is rotating. Such a control has been achieved in the Microphysics

Laboratory and twin-free CdTe and HgCdTe(111)B layers have been grown.

A comparison between HgCdTe twinned layers and twin-free layers shows that

electrically active acceptors along with high hole mobility are associated with the

presence of reflection twins in HgCdTe. Etch pit density as low as Sxl04cm - 2 has

been counted on twin-free HgCdTe layers which are two orders of magnitude lower

than EPD's of twinned layers. From annealing experiments it has been found that

a residual donor doping level of 5x10 15 - 2x10 16 cm- 3 has been measured In both

twinned and twin-free HgCdTe epilayers. It is currently, though, that this residual

doping Is due to antisite Te atoms.

The MBE growth of twin-free HgCdTe( 11)B layers while the substrate is

rotating represents a major accomplishment in the field. The. progress achieved in

the growth in the (111)8 orientation has been used to control in better way the

growth In different orientations. Layers grown in the (211)5 orientation under

the stringent growth control required for twin-free growth In (111)B exhibit

outstanding properties.

2. The growth of high quality epitaxial layers of Hgl.xCdxTe is limited by the

substrate quality. CdTe and CdZnTe are the most widely used substrates for

epitaxial growth of the Hgl1 xCdxTe. Unfortunately, It is difficult to produce good

single crystals of these materials on a large area and these substrates are very

expensive. GaAs and Silicon are attractive candidates as alternate substrates for

Hgl_xCdxTe. The Microphysics Laboratory has been the first to report in 1984

on the successful growth of Hg 1 _xCdxTe on GaAs. Since then It has recently

been demonstrated that it Is possible to grow Hgl-xCdxTe with excellent uniformity

on a full 2-Inch GaAs wafer. With a thickness uniformity At/t - 0.6% and a
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composition uniformity Ax/x = 0.7% this is the best result ever reported by any

growth technique. More recently it has been demonstrated that twin-free CdTe

(111)8 layers can be grown when using a misorlented substrate (2"off). FWHM of

60 arcsecond has been obtained which is excellent compared to the 40 arcsecond

exhibited by commercially available CdTe substrates. On a 00 off (100)GaAs the

average FWHM is above 200 arcsecond.

Silicon is an even more attractive alternate substrate than GaAs because it is

(I) available in larger area (i) it is less expensive (iii) and above all it could

eventually become possible to fabricate large area monolithic IR focal plane arrays

taking advantage of the well-developed SI-integrated circuit technology. However,

one severe problem with this heteroepitaxy is the very large (19%) lattice mismatch

between CdTe and Si. We have successfully grown CdTe(111)B, CdTe(100) and

HgCdTe(lll)B on Si(100) which to the best of our knowledge has never been

reported before. This result represents a major breakthrough in the field because

it opens the door for the highly coveted monolithic FPA's technology.

3. One of the major achievements of the laboratory is related to understanding

the role of the crystallographic orientation on the MBE growth process. In a

first step we have observed that the sticking coefficient for Hg changes dramatically

with the crystallographic orientation since a (111)A face requires almost 10 times

more mercury than a (111)8 face when the growth occurs at 1900C. We have found

that such a difference has an influence on both the intrinsic and the extrinsic

doping of the material.

Experiments carried out recently on the incorporation of Indium during the

growth of HgCdTe have shown that whereas In the (111)8 orientation indium is

incorporated in the metal site In the (100) orientation it appears that It Is mostly

incorporated interstitially.

4. The MPLab has devoted a great deal of time to understand and to control

the intrinsic doping. Even though all the complex relationships between grwoth

parameters and intrinsic doping are not fully understood, appreciable progress has

been made. It is currently believed that the residual donor doping level found in

MBE layers is due to the tellurium In antisite. This very Important Information

has been proposed for the first time by the MPLab.
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5. Impurities mostly substitute the metal site because HgCdTe MBE growth

occurs under tellurium-rich conditions therefore Hg vacancies are easily formed.

Indium which is a Group III element has been found to be an excellent donor

whereas LI which is a Group I element has been found to be an acceptor but of

no practical use because of Its very high diffusion coefficient.

As and Sb were found to act as n-type dopants exhibiting a high self-compensation

in HgCdTe grown by MBE. Photo-assistance during the growth using a Nd-YAG

green laser pulsed at 10Khz did not change the electrical type of As doped HgCdTe.

From these experiments and the results reported by other groups it Is fair to

conclude that no elegant solution has been found yet regarding the extrinsic p-

type of MCT.

6. We have investigated the effect of low energy ions on HgCdTe and found

that n-p junction Is formed when a p-type material is bombarded. This approach

which has been entirely developed In the Microphysics Laboratory is currently

used to fabricate photodiodes on HgCdTe grown by MBE in the laboratory. We

have found that this method is not only inexpensive but also fast and reliable.

Photodlodes fabricated on the same HgCdTe epilayer either by ion Implantation or

by low energy Ion shows the same performances between 300K and 77K. Stable

photodiodes exhibiting excellent performances have been already fabricated.

7. The value of band discontinuities in HgTe-CdTe and related heterojunctions

such as HglxCdxTe-Hgl-yCdyTe has been the object of extensive research and

discrepancies have been observed between magneto-optics and photoemlssion

results. Valence band discontinuity value is of extreme importance In the bandgap

engineering of electronic heterostructure devices. To explain these discrepancies

it has been suggested that the band discontinuity can be temperature dependent.

We have studied this temperature dependence by XPS and UPS and we have found

that the valence band discontinuity AE measured equal to 0.35 eV at 300K changes

by only a few millivolts between 300K and 50K. Recently, Johnson et al(1) have

shown that a HgTe-CdTe Type III superlattice while becoming semimetallic with

Increasing dEv reverts to semiconducting behavior as the offset is increased yet

further. By coincidence, observed electron-cyclotron mass and bandgap can be

either explained with AEv a 40 meV or 350 meV. Cyclotron resonance experiments

performed on a novel superlattice HgZnTe-CdTe have shown that calculations
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using a small valence band offset can account for the in-plane cyclotron resonance,

but not for the data obtained In tilted magnetic field.(2) Therefore, magneto-optics

and photoluminescence are now consistent with a large valence band offset AEv of

0.35 eV.

It should be pointed out that regarding this very important Issue the Microphysics

Laboratory has played a major role since 1983 when the question was addressed

for the first time.

8. We have investigated Hg 1_xCdxTe single layers, Hgl-xCdxTe/CdTe double

heterostructures (OH) and separate confinement heterostructures (MQWSCH) grown

by MBE. All these structures have shown intense photoluminescence as well as

stimulated emission. The epilayer and the DH were found to lase continuously up

to 40K. Stimulated emission was observed from the MQWSCH under pulsed optical

excitation up to 77K. In comparison with the optically pumped III-V semiconduc-

tor lasers, the threshold input optical power for the lasing action is lower in this

structure.

9. In July 1989 a new MBE machine which is a mass-production MBE prototype

was installed in the Microphysics Laboratory. This MBE machine exhibits new and

important features such as the capability of handling a 5-inch diameter substrate

or any other combination (3x2-inch, 11xl-inch), improved substrate temperature

uniformity, Improved Hg recovery facility and new cell assembly geometry.

This machine has been installed and the acceptance test performed. The first

CdTe layers have been grown on 2-inch GaAs and S1 substrates. Compared to

what is obtained in the conventional MBE machine CdTe layers grown on GaAs

appear to be more uniform and of much better crystal quality of 30-40%. A

standard deviation of a layer thickness of only 0.24% has been measured for a

61zm CdTe epilayer grown on a 2-inch GaAs(100) substrate. This excellent result

attests that OPUS 45 is a suitable MBE machine to grow uniform films on large

area substrate.
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